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ABSTRACT
The properties of nickel hydroxide electrodes, metal hydride electrodes and nickel-metal
hydride (Ni-MH) batteries were studied. Spherical nickel hydroxide powders having a
high tapping density of 2.15 to 2.23 g/cm3 and a low pore volume of about 0.04 ml/g
were prepared by a spraying technique. The effects of preparation conditions on the
characteristics of the powders were investigated. The utilization of Ni(OH)2 at the
temperature of 25°C was improved by the coprecipitation of 3.5 wt.% Co . The
charging efficiency of the electrode at 60°C was improved by the addition of 3.0 wt.%
Ca2+ owing to a large difference between the potentials of oxygen evolution and
oxidation (Ni2+ to Ni3+). The cycle life was greatly increased by adding 3.6 wt.% Zn2+
due to the decreased amount of y-NiOOH, which is formed mainly at the end of the
charging process and then results in the electrode swelling.

The influence of individual elements Ce, Pr or Nd as substituents for La in
LaNi3.8Coo.5Mno.4Alo.3 was observed. The Ce addition was the most effective in

improving the properties of the alloy such as high-rate dischargeability and overpotentia
The electrode performance, especially the electrode activation, was improved greatly by

ball-milling the as-cast Zr0.5Tio.5(Vo.25Mno.i5Nio.6)2 alloy with Ni powder because of the

formation of a large interface, an oxygen depleted and a nickel-rich surface layer, but th

cycle life decreased after long-time ball-milling because of the oxidation of the increas
specific surface area.

Rail-milling the Mg-based alloy, in particular by the addition of Co or Ni powder, was an
effective method of improving the characteristics of hydrogen absorption/desorption for
the changed amorphous structure. The crystallographic and electrochemical properties of

X

the non-stoichiometric Mg2Nix (0.9 ^ x ^ 1.1) were found to be strongly dependent on
the value of x. The capacity decay of Mg-based alloys was caused mainly by the

oxidation of Mg in the alloy. The partial replacement of Mg by Ti or Ce could depress
the formation of Mg(OH)2 because of the improved protection provided by impervious
Ti02 or Ce02. The Ni-coating on the surface of amorphous Mg-based alloy powders was

also very useful in improving the electrode cycle life. A discharge capacity of 780 mA
was achieved for Ni-coated Mg2Nio.8Mno.2, and after 20 charge-discharge cycles, the
electrode retained a capacity of 72%.

The hydrogen diffusion coefficient (D) in the alloy electrodes studied above was

determined using a potentiostatic discharge method. The D value was in the range of I
to IO'9 cm2/s with the highest value for rare-earth system alloy and the lowest value
Mg-based alloy. The temperature dependence of the D value can be described by the
Arrhenius expression D = Do e('Ea/RT> . The larger is the D value, the lower is the
activation energy Ea.

The optimum conditions for preparing Ni-MH cells with high performance required the

controlling of the capacity ratio between the negative and the positive electrodes (r
and the physical dimensions of these electrodes. Ni-MH batteries were constructed
successfully with a high capacity of 1350 mAh (AA size) and high energy densities of
69.7 Wh/kg and 211 Wh/L by combining 3.6 wt.% Zn2+ added spherical Ni(OH)2
powders and 10 wt.% nickel ball-milled Zro.5Tio.5(V0.25Mno.i5Nio.6)2 alloy.

Keywords: Nickel hydroxide; Nickel electrode; Hydrogen storage alloy; Metal hydride
electrode; Ni-MH battery
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CHAPTER 1. INTRODUCTION
The nickel-metal hydride (Ni-MH) battery is one of the most promising energy sources
for many applications such as cordless telephones and electric vehicles because it is
environmentally friendly and has high energy density [1,2]. These are the reasons for

this study which is motivated by a desire to understand more about the properties of N
MH batteries.

General speaking, the characteristics of Ni-MH batteries depend not only on the
performance of the active materials including the nickel hydroxide powders and the
hydrogen storage alloys but also on the manufacturing processes for the positive and
negative electrodes and the batteries [3,4]. To obtain detailed insight into the
functioning of sealed Ni-MH batteries, the basic principles and electrochemical

reactions are reviewed in Chapter 2. Based on the literature survey, the properties of
nickel hydroxide electrodes, metal hydride electrodes and Ni-MH batteries were
investigated.

Chapter 3 describes the materials including the metals and chemicals which were used
in this study, and the experimental methods carried out to get the research results.

The Ni-MH battery must be Ni-electrode limited in order to enable proper

recombination reactions [5]. Nickel hydroxide powders currently utilized in the nickel

electrodes require cobalt or cobalt oxides to make them viable and attractive [6]. The
addition of calcium compound is very useful to improve the charging efficiency of the
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nickel electrodes [7]. T h e addition of several percent of Z n as solid solutions to the
nickel hydroxide is an effective method of preventing facile charge and discharge [4].
Although there are numerous studies on these topics, the results are still not complete.
Therefore, emphasis on the optimization of nickel electrodes is placed in Chapter 4,
which describes the preparation of spherical nickel hydroxide powders with high
tapping density, low pore volume and high electrochemical activity, and the influence
of Ca2+, Co2+ or Zn2+ addition on the electrode behaviour. In particular the difference
between the oxygen evolution potential and the oxidation potential is measured, and its

effect on the charging efficiency is discussed. In addition, the influence of the format
of y-NiOOH during charging and its transformation at discharge on the cycle life is
studied.

The development of the LaNi5 system hydrogen storage alloys has contributed to a large
extent to the commercialization of Ni-MH batteries because it is possible to design the
characteristics of MH electrodes by changing the alloy composition [8]. Although the
relatively inexpensive mischmetal Mm is widely used and the partial substitution of La
by Ce has been studied [9], the effects of individual Ce, Pr or Nd substitutions on the
alloy electrode performance has not been completed. The aim of Chapter 5 concentrates

on the investigation of the influence of individual Ce, Pr or Nd as substituents for La i
the complex alloy LaNi3gSn05Mn04Al03 which is used as a relatively cheap substitute
LaNi5 type alloys.

The activation and electrocatalytic activity of the Zr-based Laves phase alloy electrode

are still inferior to that of the LaNi5 system alloys owing to the formation of a surface
layer consisting of a zirconium oxide and their low nickel content. To improve the
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above aspects, m u c h previous work has been focused on the element substitutions of the
Zr-based alloys and the surface modifications of these alloys [10,11]. The primary role
of Zr, Ti, and V in the alloy is hydrogen storage; Zr and Ti, form passive oxides in
alkaline solution, whereas V forms soluble oxides. Ni and Mn allow the adjustment of
the metal hydrogen bond strength and serve as a catalyst for electrode reactions during

charging and discharging. For the purpose of increasing electrical conductivity of metal
hydride electrodes, nickel powders (5-10 wt.%) are normally added to the hydrogen
storage alloys when the MH electrode is manufactured, but they are only mechanically
mixed. Therefore, Chapter 6 presents the effect of ball-milling Zr05Ti05(V0^5Mn015Ni06)2
alloy with nickel powder on the alloy properties.

It is known that Mg-based alloys are promising hydrogen storage materials because of
their low material cost and high hydrogen storage capacity. Recently, amorphous or
nanocrystalline Mg-based alloys have attracted considerable attention because they

exhibit high discharge capacities in an alkaline electrolyte [12]. However, the capacity

decay in charge-discharge cycling is still serious because of the oxidation of the alloy
This behaviour makes it difficult for these alloys to be used practically as the active
materials of metal hydride (MH) electrodes. In Chapter 7, the hydriding/dehydriding
and electrochemical characteristics of crystalline Mg2Ni were compared with that of a
homogeneous amorphous structure prepared by ball-milling. The effects on alloy
properties of element substitution in Mg2Ni and chemical coating with nickel were also
investigated.

Since hydrogen diffusion can be a rate-determining step in high-rate charge-discharge
processes, it must be a key factor for improving the properties of MH electrodes.
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According to a previous report [13], the diffusion coefficients of hydrogen in LaNi 5

system electrodes vary over three orders of magnitude at room temperature (from abou

IO"8 to IO"11 cm2/s). It is also noted that there is little or no data reported descr
diffusion coefficients of hydrogen in Zr-based Laves phase and Mg-based alloy
electrodes. Adopting a potentiostatic discharge technique, Chapter 8 determines the

hydrogen diffusion coefficient for the LaNi5 system, Zr-based Laves phase and Mg2Nibased metal hydride electrodes.

Although there is an increasing interest in Ni-MH batteries, research work normally

focuses on the individual positive or negative electrodes. Because there exist diffe

reactions that take place when Ni-MH batteries are in the states of charge, overchar
discharge, overdischarge and retention, many factors should be considered regarding
the improvement of the battery characteristics [3]. Among these factors, the
electrochemical activities of both the positive and the negative active materials,
manufacturing processes for these electrodes are very important in relation to the

battery performance. It is obvious that relatively little information has been provi
about how to compare the relation between the positive and the negative electrodes.
Chapter 9 provides the information about the effect of various electrode dimensions
the battery performance with the aim of fabricating batteries with high charging
efficiency, low internal pressure and long cycle life.

Finally, the main results of the present study are summarized in Chapter 10, and the
references are also listed. In addition, two appendices are included: the general
definitions and the publications during Ph.D. study of the author.
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CHAPTER 2. LITERATURE REVIEW
2.1 Introduction
Rechargeable batteries are becoming more and more important in our routine life,

especially in the applications for consumer electronic devices like cellular telephone
notebook computers, compact camcorders and electric vehicles [14,15]. The ideal
batteries would feature the attributes including long life, small size, light weight,
energy density, safety, environmental compatibility, low cost and world wide consumer

distribution. As a result of these items and increasing demands on batteries, nickel-m

hydride (Ni-MH) batteries, which are also called "green" batteries because they contai
no lead (Pb) or cadmium (Cd) pollution, have been developed and commercialized since

the 1990s [16]. The yearly production of sealed Ni-MH batteries in 1997 reached nearly

500 million units and is expected to increase substantially to 800 million units by 20
[17]. This is because the performance of Ni-MH batteries can compete favourably with
other rechargeable batteries, as listed in Table 2.1.

Table 2.1. Present performances of various batteries for electric vehicles
(operating temperature: -20 to 40°C) [2].
. ' ,- '7 -

Power
density
(Wh/L) (Wfa/kg) (W/kg)
250
120
90
300
160
100
250
120
60
150
80
30
130
130
75

Energy density

Battery

Voltage

Ni-MH
Li ion
Ni-Cd
Pb-Pb02
Ni-Zn

(V)
1.2
3.6
1.2
2.0
1.5

* percent per month at 25°C.

Cycle
life
(No.)
1000
1000
1000

500
250

Selfdischarge
(%)*

15
10
15
5
15

Pollution

Reliability

No

Satisfactory

Organic

7

Cd
Pb
No

Good
Good
9
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2.2 Design of N i - M H batteries
2.2.1 The main chemical reaction
The main components of Ni-MH batteries are: a positive electrode comprised of

hydroxide powders, a negative electrode in which hydrogen storage alloys are u

the active materials and an electrolyte with an alkaline solution (5 M KOH + 1
LiOH). The charge-discharge reactions which take place in Ni-MH batteries are
illustrated as follows [8]:

(+) (3-Ni(OH)2 + OH" <=» P-NiOOH + H20 + e" (E° = +0.49V) Eq. 2.1
(-) M + H20 + e<-* MH + OH" (E° =-0.83 V) Eq. 2.2
(Overall) (3-Ni(OH)2 + M «• (3-NiOOH + MH (E° = +1.32V) Eq. 2.3

The above equations show that during charging, the [.-phase Ni(OH)2 in the pos

electrode is oxidized to (5-phase NiOOH, while the alloy M in the negative ele

forms a metal hydride MH by water electrolysis. The reverse reactions take pla

discharging. The reactions on each electrode proceed via solid state transitio

hydrogen. The overall reaction is expressed only by a transfer of hydrogen bet

alloy M and Ni(OH)2. Since there is a valence change of one per nickel atom, th

charge transfer per mol equivalent of nickel is 96500 coulombs (Faraday's cons

corresponding to 26.8 (96500/3600) Ah. The theoretical voltage of Ni-MH batter

1.32 V; however, in practical, the nominal voltage is 1.2 V and the typical en
is 1.0 V.
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2.2.2 Capacity limited by the positive electrode

Nickel hydroxide is the active material of the positive electrode in rechargeab

batteries, which are usually positive limited [5], meaning that the material ut

nickel hydroxide dictates the amount of capacity that can be stored during char

the amount of capacity that can be recovered during discharging. This is schema

shown in Fig. 2.1. The capability of this electrode to provide exceptionally lo

stable cycle life, while maintaining a reasonable energy density, is one of its

advantages. As shown in Eq. 2.1, the reversible nickel electrode reaction may b

described as (3-Ni2+ <^> (3-Ni3+ + e", i.e. nickel hydroxide (Ni(OH)2) oxidizes on

to nickel oxyhydroxide (NiOOH). This means that one mole of Ni(OH)2 (92.7 g) can
theoretically yield 289 (26.8x1000/92.7) mAh/g or 3.46 (92.7/26.8) g/Ah.

Positive
Useful Capacity
/

Negative
•y/'••'///• '/• ''•'•' '•',' '//////•' •''•'
. •///'////.•/.•.:•.:•//, v . y •.-.•.

M/MH

Vytf/%yXfs?rY.-/yy/jyVfy.
•/////••.•y.-y.-//-.V///y///.-

wyy/Zyy^y
-y;-.;,yy.y,-.;,v,.:/.y:

Charge
Reserve

Discharge
Reserve

Fig. 2.1. Schematic representation of the electrodes in N i - M H

batteries,

demonstrating useful capacity, charge reserve, and discharge reserve.
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2.2.3 Charge-reserve for the MH electrode
As shown in Fig. 2.1, the capacity of the MH electrode is made larger than the

electrode so Ni-MH batteries can be sealed safely. This is because the sealed N

batteries use an oxygen-recombination mechanism to prevent the build up of inte

pressure that may result from the generation of gases toward the end of the cha

overcharge [18]. It is based on the MH electrode that has a higher effective ca

than the positive electrode. During charging the positive electrode reaches full
before the negative and begins to evolve oxygen,

1
2 0 H -> H 2 0 + - O? + 2e"
2 "

Eq. 2.4

The oxygen gas diffuses through the separator to the negative electrode, at whic

oxygen reacts with and oxidizes or discharges the MH electrode to produce water,
the pressure does not build up,

4MH + 02-> 4M + 2H20 Eq. 2.5

Furthermore, the negative electrode will not become fully charged, which prevent
generation of hydrogen. Of course, the charge current must be controlled at the

charge and during overcharge so that the rate of oxygen generation (Eq. 2.4) is

than that of the recombination (Eq. 2.5), which can prevent the build up of gas
pressure.
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2.2.4 Discharge reserve for the MH electrode

From Fig. 2.1, it also can be seen that Ni-MH batteries are designed with a disc

reserve in the negative electrode to minimize gassing and degradation of the bat

the event of overdischarge [19]. When the positive electrode is fully discharged
hydrogen gas is evolved,

2H20 + 2e"-> H2 + 20H Eq. 2.6

The hydrogen can diffuse through the separator to the negative electrode and the

dissociates to atomic hydrogen by a chemical reaction (Eq. 2.7), followed by a c
transfer reaction (Eq. 2.8), theoretically causing no pressure built-up.

M + H2-> 2MH Eq.2.7

2MH + 20H" -> 2M + 2H20 + 2e" Eq. 2.8

Overall, the negative electrode has excess capacity compared to the positive to
both overcharge and overdischarge. The useful capacity of the battery is thus
determined by the positive electrode.

2.2.5 Electrolyte
The electrolyte added in Ni-MH batteries, typically 30 wt.% (about 5 M) KOH,

contains a little (1 M) LiOH to aid charge acceptance by the cathode. Aqueous KO
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a highly conductive electrolyte, whose physical properties such as electrical resistance
and viscosity [20] are given in Table 2.2.

Table 2.2. Electrical resistance and viscosity of potassium hydroxide solutions.

Concentration

Resistance (Q cm*3)

ofKOH(wt%)

25°C

75°C

25°C

10.67
22.77
27.84
29.38
39.08
49.16

2.63

1.42
0.83
0.78
0.75
0.98

1.13
1.64
1.98
2.08
3.29
6.63

1.57
1.54
1.84
2.55

Viscosity (cP)
75°C
0.513
0.712
0.816
0.913
1.27
2.22

2.2.6 Separator
The standard polyamide separators are normally employed in Ni-MH batteries. These
separators can often result in the generation of carbonate and nitrogen-containing

compounds which lead to lower capacity and increased self-discharge. The use of mor

chemically stable polyolefin separator has been shown to provide both longer batter

life and reduced self-discharge. Further, the application of surface treatments has

improved the hydrophilic nature of the separator and the basic function of the sepa

web, thereby enhancing battery performance. In general, it is thought [8] that self

discharge is caused by NO3" radicals, which migrate into the electrodes, where it r

the oxidation/reduction reaction leading to loss of cell capacity. More recent stud

SAFT [21] claim that the reduction of nitrate ions at a charged MH electrode is a v

fast reaction process with final reduction to ammonia. Reactions at the negative an
positive electrodes are:
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Eq. 2.9

N02" + MHx-> NH4OH + MHX.6 + OH" Eq.2.10

(Positive) NH4OH + 6NiOOH + OH" -> 6Ni(OH)2 + N02" Eq. 2.11

N02" + OH" -> NO3" + H20 + 2e" Eq. 2.12

Since the polyamide separator is identified as a source of nitrogen impurities, t

polypropylene separator grafted with hydrophilic radicals has significantly redu

self-discharge of Ni-MH batteries. Research on the acrylic-acid-grafted separator

that it can play a key role in maintaining long battery life because of its long
stability in alkaline solution and resistance to the oxidation process.

The performance of Ni-MH batteries can also be affected by the separator base we

construction [22]. The results show that the separator properties of two cells, o

prepared with a polyolefin dry-laid nonwoven separator and the other by a compos

dual layer separator, are quite different. At a 1 C discharge rate to 1.0 V, a ce

constructed with the composite separator exhibited higher capacity than the dryseparator cell.

Future work on the separator development in the use of Ni-MH batteries will be t

reduce the thickness of the separator while maintaining the required strength of
winding. The pore structure, wicking and absorbency, chemical stability, and
recombination properties will continue to be evaluated.
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2.2.7 Distribution of the mass
Fig. 2.2 shows the distribution of mass in a Ni-MH cell (AA size). It can be seen

nearly 70% of the cell mass resides in the electrodes and this indicates that bett
hydroxide powders and metal hydriding alloys in terms of higher capacity could

significantly increase the energy density of these cells. The battery can contribut

of the overall weight of the battery and thus new lightweight materials for cans t

could withstand the same pressure as steel could offer a useful increase in the en

density of these cells. The other components such as the electrolyte, header, separ

outer wrapper, and the insulators contribute about 17% to the overall weight but i
seems that there is little opportunity for any reduction in their overall weight.

Electrolyte
3°/c

Battery can
16%

Header
4%
Separator
3%
Insulator &
wrapper 2 %

Ni electrode
27%

MH electrode
40%

Fig. 2.2. Schematic of the mass distribution in the AA-size N i - M H battery. (This
figure is redrawn on the basis of [23] and 2.2 g electrolyte is supposed to
be added).
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2.3 Characteristics of N i - M H batteries
2.3.1 Charge
The voltage of the Ni-MH battery rises as the battery accepts the charge [24]. The
charge voltage is influenced by the charge rate and charge temperature. When the
charge input approaches 75% of the nominal capacity, the voltage rises more sharply

due to the generation of oxygen at the positive electrode. Subsequently, self-heati
the battery causes the voltage to decrease after having reached a maximum at 100%
charged capacity (Fig. 2.3). The temperature of the Ni-MH battery rises gradually

because its charge reaction is exothermic. This temperature increase causes the vol
to drop as the battery reaches full charge and goes into overcharge. By charging at
temperature it is possible to decrease the discharge capacity of the battery.

1.6 |
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Fig. 2.3. Voltage of N i - M H batteries as a function of charge input at different
charge rates [25].
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2.3.2 Charge Control

Although the Ni-MH battery is designed with charge and discharge reserve as describ

in Section 2.2.3 above, the characteristics of the Ni-MH battery define the need for
charge control to terminate the charge in order to prevent the battery from being

overcharged or exposed to high temperatures. Therefore, it is essential to employ pr

charge control to maximize the life of the battery. Some of the popular methods for

charge control are [19]: timed charge (f), voltage drop (-AV), voltage plateau (0 A

temperature cut-off (T), delta temperature cut-off (AT), and rate of temperature in
(AT/At). In many cases several methods are used, during a single charge, particularly
control high-rate charging.

2.3.3 Discharge
The capacity and the voltage level of Ni-MH batteries during discharge are limited

various operating parameters. The most important of these are: (1) the rate of disch

(2) the operating temperature; (3) the end of discharge voltage. In general, the highe

the discharge rate, the lower the discharge voltage and the available capacity. Typi
discharge curves for the Ni-MH batteries under various constant-current loads are

shown in Fig. 2.4. A flat discharge profile is characteristic. The discharge voltag

capacity also are dependent on the discharge temperature. The lower the temperature,

the lower the operating voltage and the capacity. This is due to the higher IR drop
increasing resistance at the lower temperatures.
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Fig. 2.4. Voltage of Ni-MH batteries as a function of discharge capacity at
different discharge rates [26].

2.3.4 Cycle Life
The cycle life of Ni-MH batteries mainly depends on: (1) active materials in the

electrodes; (2) manufacturing process of the electrodes; (3) method of charge contro

(4) charge and discharge current; (5) depth of discharge; (6) exposure to overcharge

overdischarge; (7) temperature during charge and discharge; and (8) storage conditi
and length of storage.

Fig. 2.5 shows the capacity loss and increase of internal pressure of Ni-MH batteri

during different cycle numbers. Typically under a standard charge-discharge cycle a

0.2 C rate and at normal ambient temperature (20°C), about 500 cycles can be achieve

with the capacity retention of at least 80%. The gradual reduction in capacity resu
from an increase of internal resistance in the battery due to irreversible changes

electrode structures and loss of electrolyte (or dry-out). Operation at high tempera
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or high-rate charge-discharge, particularly in the overcharge condition, can cau

cell to vent, releasing gas and possibly electrolyte through the safety vent. Hi

temperatures will also hasten the deterioration of the active materials and the

in the cell. At low temperatures the oxygen-recombination reaction slows down, t
is more sensitive to overcharge, and gas pressure will build up more rapidly.
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Fig. 2.5. The capacity and internal pressure of Ni-MH batteries as a function o
cycle number [27].

2.3.5 Effect of temperature
Charging efficiency is highly dependent upon operation temperature. Due to the

increasing evolution of oxygen at the positive electrode, charge efficiency decr

high temperatures (over 40°C). At low temperatures (less than 0°C), as the oxyge
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recombination process is slowed down, a certain rise in internal pressure m a y occur
depending on charge rate.
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i
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Fig. 2.6. Effects of temperature on the discharge capacity and voltage of Ni-MH
batteries [26].

The recommended temperature range is 0 to 40°C for battery discharge. Maximum

capacity is obtained at an ambient temperature of about 20°C. As shown in Fig. 2.6

there is a decrease of capacity at higher temperatures and also at lower temperatu

This reduction in capacity is more pronounced at lower temperatures and high disch
rates.

2.3.6 Self-discharge

Self-discharge of Ni-MH batteries [28-30] is caused by (1) the reaction of the re

hydrogen in the cell with the positive electrode; (2) the slow decomposition of bo

electrodes; and (3) the shuttle effect of impurity ions from the separator as pre

described in Section 2.2.6. The rate of self-discharge is dependent on the storag
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and temperature: the higher the temperature, the greater the rate of self-discharge.
noted that the capacity retention after the storage time is also dependent on the
discharge conditions. The more stringent the discharge condition, such as a higher
discharge rate or lower temperature, the lower the capacity retention.

2.4 Nickel hydroxide electrodes

The nickel hydroxide electrode is used as the positive plate of alkaline Ni-Fe, Ni-Zn
Ni-Cd, Ni-H2 and Ni-MH batteries [31]. Although the nickel hydroxide electrode has

been in use for over a century in alkaline batteries, its behaviour is not yet comp

understood. A significant improvement of its performance has been observed during t

past ten years due to the contribution of solid-state chemists. Excellent reviews o
topic have recently been written by Halpert [32], McBreen [33] and Zimmerman [4].
These reviews include the various preparation and manufacturing processes of the
active materials and improvements in their properties.

2.4.1 Phase transformation
In contrast to Eq. 2.1, the charge-discharge reactions, which take place in nickel

hydroxide electrodes, are much more complex. It is observed that the different phas
seen over the lifetime of nickel electrodes are p-Ni(OH)2, p-NiOOH, y-NiOOH, and ocNi(OHh [34]. The overall electrochemical reactions responsible for the charge and
discharge of the nickel electrodes are represented in Fig. 2.7.
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Charge
(3-Ni(OH)2 4
* P-NiOOH + H + + e"
*. Discharge
Thermal
Overcharge
decay
Charge **.
>
a-Ni(OH) 2 4
y-NiOOH + It + e"
Discharge

Fig. 2.7. Phase transformation of the active materials in nickel electrodes.

The principal reaction in the nickel electrodes involves the charge and discharge of f.Ni(OH)2 to p-NiOOH which can be converted to y-NiOOH on overcharge. y-NiOOH

discharges to form a-Ni(OH)2, which is very unstable in presence of water and a
and is converted to p-Ni(OH)2, whose unit cell is shown in Fig. 2.8.

I>
Ni

Q - OH

Fig. 2.8. Hexagonal crystal structure of p-Ni(OH) 2 in a three dimensional view in
the projection on the basal plane [3].

The lattice structures of the active materials in nickel electrodes have been widely

studied by x-ray diffraction (XRD) [35-38], raman spectroscopy [39,40] and neut

diffraction [41]. The crystal-chemistry of nickel hydroxide/oxyhydroxide syste

CHAPTER TWO
LITERATURE REVIEW

20

complex. The phase transformation process was first established by Bode et al. [34] and
illustrated in Fig. 2.9.
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Fig. 2.9. Schematic representation of phase structures during the charge-discharge
processes of nickel electrodes.
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2.4.2 P*Ni(OH)2and arNi(OH)2
It is known that there are two nickel hydroxide phases, P-Ni(OH)2 and a-Ni(OH)2, in

the discharged state of the nickel electrodes [42]. Ni(OH)2 is the reduced form of t

positive electrode material. Both the P and a phases crystallize in the hexagonal s
with the brucite-type structure with Ni(OH)2 layers stacked along the c-axis. Each
Ni(OH)2 layer consists of a hexagonal planer arrangement of octahedrally oxygen-

coordinated Ni(II) ions. The main difference between the P- and a-type Ni(OH)2 phase

resides in the stacking of the layers along the c-axis [43,44]. For the P-phase the

Ni(OH)2 layers are perfectly stacked along the c-axis with an interlamellar distance

4.6 A. For the cc-phase the Ni(OH)2 layers are completely misoriented relative to ea

other (e.g., appearance of asymmetric Bragg peaks) corresponding to a phase with th
presence of water molecules and anionic species in the van der Waals gap [45].

2.4.3 P-NiOOH and Y-NiOOH
It is also determined that there are two phases (p-NiOOH and y-NiOOH) with the
nickel oxyhydroxide in the charged state of the nickel electrodes, namely, in the

NiOOH oxidized form of the active material. Both the p-Ni(HI) and y-Ni(m) phases ar

known to coexist in relative amounts depending upon the depth of charge. The P-Ni(i

phase, in which the valence of Ni has been found to be lower than 2.8, is formed un

mild chemical oxidizing conditions; whereas the y-Ni(H[), in which the valence of Ni
has been confirmed to be larger than 3, is formed in strong chemical oxidizing
conditions [46,47]. The P-Ni(m) phase structure, which is not yet accurately
determined, has been regarded as directly derived from the p-Ni(E) structure. By
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removing one proton and one electron (by oxidizing Ni + to Ni ), a reduction of the po

Ni(II) interplaner Ni-Ni distance occurs while the interlamellar distance (4.7 A ) remains

practically unchanged. For the y-Ni(III) phase, in order to maintain charge neutralit
alkaline ions in substitution for protons are located between the van der Waals gap,
o

together with water molecules, resulting in an interlamellar distance (about 7 A ) larger
than that for the p-Ni(HI) phase [48,49].

2.4.4 Discharge plateau

When the nickel electrode is discharged, it generally shows a discharge voltage plate
at about 1.24 V vs. Cd/Cd(OH)2. However, a second one is also observed below 1.0 V
vs. Cd/Cd(OH)2, which depends on how the active material is prepared [35] and which
binder is used [50].

The first discharge plateau, which is the main one in nickel electrodes, is widely

attributed to the P-Ni(III) to p-Ni(IT) reversible potential. Alternatively, it migh
to the transformation of y-Ni(HI) to a-Ni(E) [51]. This is because y-NiOOH
incorporates significant levels of potassium into its structure. However, the origin
second plateau is argued by many authors. It is postulated [52,53] that the charge

transfer between holes in the active material and electrons in the metal current col

can result in a Schottky barrier layer at this interface as the electrode is dischar
a depleted condition. Such a layer is likely to play a major factor in the second
discharge plateau typically seen for nickel electrodes at a potential about 0.8-1.0

Cd/Cd(OH)2. It is also suggested [50] that the second plateau originates from the dir
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reduction of the y-Ni(in) into P-Ni(II), which means that a phase transition rather t
an ohmic barrier (e.g. Schottky barrier) appears to be responsible for the second
plateau. Another possible explanation is that the second discharge plateau is due to
reduction of oxygen [54] because the second plateau was never observed in a
deoxygenated electrolyte, but was always observed when oxygen was present in the

electrolyte. In addition, the duration of the second plateau was found to be inversel

proportional to the square of the discharge current density [54], which is indicative
diffusion-controlled process.

2.4.5 Electrochemical behaviour

In the case of the P-Ni(H)/p-Ni(in) system, the electrochemical process can be easily
described, as only one ionic species (H+) is involved. However, the process is much

more complicated for the a-Ni(II)/y-Ni(III) system, since at least four species inclu
H+, K+, H20, OH" (or C032") must be intercalated or deintercalated during the overall
reaction [55]. When the a-Ni(OH)2 is formed in air by chemical reduction of the yNiOOH, OH" and C032" anions are intercalated; in the case of the electrochemical
reduction during the discharge process, OH anions are mainly intercalated.

Proton diffusion process

As indicated in Eq. 2.1 and Fig. 2.7, it is known that a number of transport processe
occur as the nickel electrode is charged, overcharged or discharged. It is normally
considered that the charge-transport must occur both from the current collector and

within the solid-state active material. Such charge-transport will involve both diffu
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and migration of the ions or electrons. Fig. 2.10 is a schematic of the charge/discharge
mechanism on a planar nickel hydroxide film with uniform thickness (/). The
movement of protons and electrons into and out of the bulk of the solid phase makes it
possible for the reaction to continue at the film/electrolyte interface.

\m x = o

NiOOH/Ni

Discharge

Charge

H4

H+

x =l
Electrolyte

OH"

H,0

Off

Fig. 2.10. A schematic of a nickel hydroxide film showing the species transport
through the active material during the charge-discharge processes. The
deposited film is assumed to have a uniform thickness / on a conducting
substrate [56].
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Diffusion coefficient of protons
Recent mathematical models [57,58] have shown that the material utilization of the
nickel hydroxide electrode is governed by polarization losses due to the diffusion

limitations of protons in the active material. It has also been shown that the diffus

coefficient of protons (DH) in the active material is the key parameter in predicting
material utilization. Measurements in active material layers have suggested that
diffusion coefficient of protons (DH) depends on the nature of the electrode and the

state of the active material. The value of DH reported in the literature varies great
which is within the range from IO"8 to IO"13 cm2/s and is a function of the state-ofcharge (SOC) of the active material. The value of DH fits the following mixing rule
equation extremely well [59]

_1_

D

H

= £>! +

l 2

e + (-£-2-) 2 ( i - _ ) )Eq. 2.13
D

1

where 8 is the local S O C and Di and D 2 are the diffusion coefficient for protons in
NiOOH and Ni(OH)2, respectively. The model shown in Fig. 2.10 need not account for

either reaction kinetics or thermodynamics since the relative material utilization is
independent of them and is only controlled by the mass transport of protons in the
nickel hydroxide active material. The value of DH calculated through Eq. 2.13 varied
from 3.4 x 10"8 (DO to 6.4 x 10"8 cm2/s (D2).
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Cyclic voltammogram

(CV)

CV investigation of nickel hydroxide electrodes enables the independent estimation of

the oxidation as well as the reduction reaction potentials, and then their mechanisms

can be deduced [60,61]. Further, CV enables the estimation of various parameters such
as charge capacity, columbic efficiency and the reversible potential.

6

4

< 2
E
\

~ 0
-2
-4
E / mV (Hg/HgO)
Fig. 2.11. Cyclic voltammograms of the nickel electrodes before (dashed line) and
after (solid line) the open-circuit period with a scan rate 1 mV/s [62].

A typical recorded CV plot of the nickel hydroxide electrodes is shown in Fig. 2.11.
From which, it can be concluded that when the time spent at open-circuit was longer,
the oxidation peak on a subsequent charging cycle (solid line) was shifted to more
anodic potentials. This phenomenon is associated with a progressive reduction of the
remanent Ni3+. The decrease of the amount of Ni3+ during the open-circuit period is
corroborated by the fact that after this period the area of the first oxidation peak

increased. In contrast, the reverse scan exhibited almost the same charge observed in
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the previous voltammograms prior to the open-circuit period. The only change that
occurred over this period was the reduction of Ni3+ without the lowering of electrode
performance.

It is specially significant that only the anodic peaks shift considerably, while the
cathodic peaks remain constant or shift only marginally. This leads to the possibility
that the mechanism of oxidation is different from that of reduction, the latter being

independent of the electrolyte concentration. In the intercalation-deintercalation model
the driving force for the oxidation-reduction reactions of Ni(OH)2 is provided by the
reversible incorporation of alkali metal ions (M+) in the lattice. Oxidation takes place
by deintercalation of M+ ions from the intersheet region of the layered material, while
reduction takes place by incorporation of M+. The oxidation/reduction processes are
shown schematically in Fig. 2.12.

N«(OH)2 Film

Fig. 2.12. T h e model illustrating homogeneous deintercalation and heterogeneous
intercalation of alkali metal ions (o) into a nickel hydroxide film [60].
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2.4.6 Preparation of nickel hydroxide electrodes

It is pointed out that the same technologies for producing the nickel electrodes
batteries have been adopted in the early stages of the research & development (R
and in the construction of Ni-MH batteries.

Sintered nickel electrodes

The nickel electrode technology is based on the use of sintered nickel electrode

are made by loading active material into a porous substrate prepared by sinterin

powder onto a perforated stainless steel (or nickel coated steel) sheet [63-65].

measure of strength is needed for practical use, the sintered substrate's porosi

of about 80%, which means that only 40% to 50% of substrate volume is available a

space into which to load active material. This is illustrated in Fig. 2.13, from

known that it is difficult to further increase the energy density of those elect

The conventional nickel hydride powder used for the active material of the nickel

electrodes is a porous, irregular shaped powder with rather large pores of 20 to

size. Its inner pore volume is as high as 30%. This means that it is impossible t

increase the energy density of the active material itself because of the low leve
filling.

Pasted nickel electrodes
To take the place of the sintered nickel electrodes, a great deal of effort has

into creating pasted nickel electrodes that excel in terms of both high energy d
and their highly simplified manufacturing process [67-69]. In particular, it was
development of three things that resulted in remarkable progress being made in
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increasing the energy density of these electrodes: the first one was the use of high-

density spherical nickel hydroxide powder as the active material [70]; the second o

was the use of additives such as CoO or metallic Co powder that raised the utilizati

of this active material to over 90% [71,72]; and the last was the use of nickel-foam
nickel-fibre substrates with a porosity of 95% [73,74].

The high-density nickel hydroxide powder can be described as spherical agglomerates
[75]. Such a morphology confers to these materials a high-tapping density, thus
allowing large amounts of active mass powder to be incorporated inside the foam

substrate. In the manufacturing of nickel hydroxide with high-density, attention sh
be paid to the control of pH and the rate of precipitation.

Substrate

Conventional sintered
type plate

A
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B
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/
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Fig. 2.14. Comparison of electrode volume ratios between the sintered and pasted
nickel electrodes (A: perforated sheet; B: sintered Ni powder).
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2.4.7 Electrode change

When the nickel electrodes are charged and discharged, it is also observed that: (1) th

thickness of the nickel hydroxide electrode is increased and (2) the surface area of t
nickel hydroxide electrode is increased [76]. These features are associated with the

different phase transformations. A net decrease of volume by 15% is observed resulting
from the phase change from p-Ni(TI) to P-Ni(IQ). A 44% volume increase is associated
with the phase change from P-Ni(III) to y-Ni(III). Also another 39% increase is
observed for the phase change from y-Ni(IH) to a-Ni(II).

The contraction and expansion of the active material destroys the equilibrium existing

in the battery system. At first, it causes microcracks in the electrode which can later
lead to deterioration of the electrode network and thus cause disintegration of the
electrode. Shorts can occur which eventually cause failure and capacity decline.
Secondly, the increase of the surface area also causes the electrode to expand. The
expansion or swelling introduces microcracks into the electrode material which
increases the physical surface area of the electrode. Finally, due to the increase in

surface area the electrolyte is absorbed from the separator by the positive electrode.

electrolyte is depleted from the separator and therefore increases the chances for dry
which can later cause failure. This redistribution increases the resistance of the
electrode reaction, especially at high-rate or high-temperature charge-discharge.
Therefore, a mechanically stable electrode is essential.
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Another important factor is the decomposition reaction of water, which is discussed

the overcharge section and represented in Eq. 2.4. The standard redox potential of t

oxygen evolution reaction is 0.4 V vs. Hg/HgO. This is considerably more negative th

that of the competing nickel reaction (0.49 V vs. Hg/HgO), as illustrated in Eq. 2.1.
Also, the trivalent Ni3+ is thermodynamically unstable in the aqueous solution. This
implies that the water decomposition reaction would be more favourable than the Ni

+

oxidation reaction. Fortunately, the kinetics of the oxygen evolution reaction are f

to be relatively poor, which enables the Ni redox reaction to occur at a dominant ra
under moderate conditions. However, a competition between the two reactions has

always to be taken into consideration. Obviously, this becomes of special importance

when the amount of Ni(OH)2 in the electrode becomes smaller, as is the case at the en

of charge. So it is also necessary for additives to increase the overpotential of ox
evolution.

2.4.8 Calculation of y-NiOOH

The performance of nickel hydroxide electrodes is adversely affected by the formatio
of y-NiOOH. Therefore it is important to study the formation of y-NiOOH both

qualitatively and quantitatively. XRD is one of the effective instruments to measure
amount of y-NiOOH present during the charge-discharge cycles [77]. This is done by

calculating the approximate intensity of the powder diffraction lines. The intensity
the powder diffraction is given by

I=FxPxL

Eq.2.14
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where F, P and L are the structure, multiplicity, and Lorentz polarization factors,

respectively. The structure factor is independent of the shape and the size of t
cell. The calculated values of the structure factors of P-NiOOH and y-NiOOH are
in Tables 2.3 and 2.4 [38], respectively.

Table 2.3. Intensity factors for p - N i O O H .

26 angle (hkl)

Structure Factor (F)

Intensity (I)

1597

18.32 (001)

10.84

37.15(002)

7.66

567.21

66.55(110)

4.27

117.85

Table 2.4. Intensity factors for y-NiOOH.

Mahgte<hkl) ^ t r u e i u i r & a S o r (^ Intensity (I)

12.86 (003)

2.52

4777.9

25.89 (006)

9.215

4055.0

37.08(101)

5.335

182.8

37.86(102)

6.928

1548.0

40.89(104)

4.843

798.6

43.04(105)

2.454

360.8

66.31(110)

4.045

225.0

67.87 (005)

1.953

103.5
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The intensity of y-NiOOH at the (003) peak (100% intensity) is compared to a similar

peak of p-NiOOH (001) (100% intensity). The intensity of y-NiOOH is divi

the P-NiOOH and the sensitivity of the y-NiOOH peak at 12.87° [78] is 2
of P-NiOOH peak at 18.32° [79]. Based on this information the following
to calculate the amount of y-NiOOH is derived. The integrated intensity

peak for P-NiOOH and (003) peak for y-NiOOH obtained through XRD is giv
formula

y - NiOOH
%y - NiOOH =

Y

x 100
7 - NiOOH + 2.9/3 - NiOOH

Eq. 2.15

2.4.9 Additives

In order to improve the utilization and mechanical stability of nickel h
electrodes, chemical additives [80-84], such as Co and Cd species, have

be very effective. These additive not only improve the mechanical stabil
improve the electrochemical electrode characteristics to some extent.

Co addition

As shown in Fig. 2.14 [82], Co additives act by being dissolved in an al

electrolyte, reprecipitated onto the active material surface as cobalt h

oxidized into conductive CoOOH, thus connecting the substrate and the ac
grains with a micro conductive network. As a result, the utilization of

hydroxide is increased. There is also some evidence for a unique cobalt-
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super-lattice in which nickel hydroxide at a cobalt level of 11.1 wt.% can significantly
affect the voltage and conductivity of the active material. To improve the

electroconductivity of nickel hydroxides, chemical coating with Co on the surfa

the nickel hydroxide powders has also been studied [85]. Although the electrode

performance seems to be better than that of the Co-mixed electrodes, the probl

that the coating process is difficult to control and the cost is relatively hig

p-Ni(OH) 2

P-NiOOH

p-Ni(OH),

o
C

p-CoOOH
and
(Ni,Co)OOH

p-Co(OH)2
and
(Ni,Co)(OH)2

CoO

•-•

O
CoO

Solution Co(+2) Precipitation
Chemical process
Oxidation

Co powder

1 Oxidation
p-CoOOH
p-Co(OH)2 4
."

I

Electrochemical process -1
Oxidation

p-Co(OH)2

p-CoOOH

Electrochemical process

Fig. 2.14. The mechanism of cobalt addition in nickel electrodes.

Al, Li, Cd, Ti, Mn, and Zn

Al substitution in the pure nickel hydroxide leads to a continuous increase of
discharge potential [31], which must oppose the decrease observed in the case
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substitution. For Al-Co-mixed substituted nickel hydroxide powders [31], the voltage
can be very precisely monitored, and in this case the battery chargeability can be

optimized. Lithium additives [86] give some intercalation into the interplaner regions

the active material lattice, which reduces the charge and discharge voltages. In additio
hthium increases the overpotential for oxygen evolution, thus improving the charge
efficiency.

Cadmium additives [84,87] appear to act as poison for oxygen evolution from surface of
the active material, thereby also raising the oxygen overpotential and improving the
charge efficiency. The deposition of Ni(OH)2 on a nanocrystalline Ti02 film [88]

proceeds at a charge-transfer potential of 1.3 V, which is much higher than the standard
potential of the Ni(OH)2/NiOOH couple. Manganese-substituted nickel hydroxides
exhibit promising electrochemical performance at the 0.2 C rate charge-discharge. This
behaviour was explained as to a minimization of the mechanical strains within the

electrode resulting from the peculiar structure (tendency to interstratification) of t
materials. The presence of Mn lowered the oxidation potential of the electrode
materials, leading to an improved chargeability [89].

To suppress the formation of y-NiOOH, which causes electrode swelling, it is very
effective to add several percent of elements such as Cd [87] and Zn [90,91] as solid

solution in nickel hydroxide. The reason is that the addition of these elements is use
maintain the nickel hydroxide grains with high density. As a result, the electrode
swelling is controlled effectively and the cycle life of the electrode is increased.
However, it should be pointed out that one of the main advantages of Ni-MH batteries
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over Ni-Cd batteries is the non-pollution from the viewpoint of environmental aspect

In this respect it is obvious that the nickel electrodes employed in Ni-MH batterie
not contain heavy metal species such as Cd. To design nickel electrodes with high

performance and Cd-free has been one of the important research challenges in the las
few years.

2.4.10 Conclusion
Although it is still very difficult to determine the potential of nickel hydroxide
electrodes because of the complex thermodynamical instability and the phase
transformation of different nickel hydroxide/oxyhydroxide, the study of the nickel

hydroxide electrodes from the view points of solid-state chemistry and electrochemi

provides new insights into their behaviour that complements previous work. It is no
that performance models have recently been developed to adequately describe the
operation of the nickel hydroxide electrodes, in which a number of processes are
included such as the diffusive and convective movement of components in gas and

liquid phases, the charge transfer by ionic diffusion and migration, as well as cap

forces in modeling the movement of electrolyte. In addition to the aspects discussed

above that have an effect on the properties of nickel hydroxide electrodes, there ar
another two mechanisms to explain the capacity decrease of the nickel electrodes.
These mechanisms are the increased redox potential [92] and the inert nickel oxideoxyhydroxide phase [93]. Both mechanisms present the stored capacity from being

discharged effectively. Therefore, it is necessary to prepare nickel hydroxide powd
with high electrochemical activity such as Ni(OH)2 powders with nanocrystalline
structure or stacking faults in the structure.
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2.5 Hydrogen storage alloys for MH electrodes
2.5.1 History
AaBb intermetallic compounds

According to the explanation given by Sandrock [94], intermetallic compounds are
highly ordered alloys of two or more elements, usually having narrow, integer

stoichiometry (AaBb) and crystal structures that are different from either of the

elements (A and B). The key to hydride technology of alloys is the combination of

strong hydride forming elements A with weak hydride forming elements B in a natur

integer ratio to form intermetallic compounds AaBb that can react reversibly wit

hydrogen to form an intermediate strength hydride AaBbHx. There are certain class
alloys for reversible hydrogen storage, in particular AB5, AB2, AB and A2B phases
[95,96].

Metal hydrides for electrodes

The first hydriding alloys (Zr2Ni, ZrV2 and ZrCr2) were reported by Trzeciak et a

in 1956. The alloy ZrNi, which could be easily and reversibly hydrided, was stud
Libowitz [98] in 1958. The breakthrough in hydride technology came at the end of

1960s, when Reilly et al. [99] and Zijlstra et al. [100] found that the alloys T

LaNi5 could absorb large amounts of hydrogen, respectively, opening a new scienti
and technical field called "hydrogen storage alloys". Immediately after these

discoveries, "hydrogen absorbing alloy electrodes" were studied using intermetal

compounds such as TiNi-Ti2Ni by Justi et al. [101] and Gutjahr et al. [102], LaNi
Ewe et al. [103], and LaNi5.xMx (M = Cu, Mn, Al, Cr) by Bronoel et al. [104,105],
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Percheron-Guegan et al. [106], and V a n Rijswick [107]. Rechargeable N i - M H cells

consisting of nickel hydroxide positive electrodes and metal hydride negative electr
were constructed and evaluated using LaNi5 by Markin et al. [108,109]. However, this

new battery did not stimulate much scientific and industrial interest because of the

performance, high cost, and small market. Detailed reviews of this early research wor
are given by Videm [110], Bitter and Badcock [111], and Iwakura [112].

In the 1980s, the mischmetal-nickel and titanium-zirconium-nickel multicomponent
alloys, which decreased the cost of these alloys, were adopted as the metal hydride
electrodes by Willems et al. [113] and Wakao et al. [114], respectively. In the
meantime, the need for small rechargeable batteries, improved technologies for large

scale alloy production and the production of compact batteries [115] also led to a r
development of Ni-MH batteries.

During the 1990s, the Ni-MH batteries were rapidly commercialized and widely used in
different areas [116]. Of all the hydrogen storage alloys studied previously, MmNi5
system alloys (where Mm is mischmetal) [117], or zirconium-based Laves phase alloys
[118] are normally used as the active material of metal hydride electrodes in Ni-MH
batteries. The discharge capacity for MmNi5 system alloy electrodes has almost
approached the theoretical capacity limit (372 mAh/g). The key electrode properties
(activation and electrocatalytic activity) of the zirconium-based Laves phase alloy
electrode are still inferior to those of the MmNi5 system alloy.
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The Mg-based hydrogen storage alloy is considered as a promising candidate for

increasing the capacity of metal hydride electrodes because this alloy is superior t
MmNi5 system and the Zr-based Laves phase alloy in theoretical hydrogen absorption

capacity and material cost. It is known that conventional Mg2Ni alloy absorbs hydroge

readily at high temperatures under high pressure [119]. Recently, the charge-discharg

properties of Mg-based alloy at room temperature have been improved greatly by Lei et
al. [12], Ovshinsky et al. [120], Iwakura et al. [121], Kohno et al. [122], and our

research group of Wollongong [123]. In particular, the partial substitution of Mg fro
Mg2Ni by Al and the baU-milling of Mg2Ni alloy with Ni powder were found to be very

useful methods for improving the high discharge capacity. However, the capacity decay

was still rapid, which made it difficult for these alloys to be used as the active m
a metal hydride electrode.

Theoretical capacity
The theoretical discharge capacity (C,/,e0.) of the MH materials, as listed in Table
be calculated from the Faraday equation [113],

Ctheo=-^—
meo
- 3.6MW

E(

l-2-16

where x is the number of H atoms per formula unit, F is the Faraday constant, and Mw is

the molecular weight of the unhydrided alloy and the units of C,heo. are mAh/g. It is

noted that the value of x used is the maximum value obtained from gas-solid reaction
the alloys.
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Table 2.5. Theoretical discharge capacity of different hydrogen storage alloys.
Alloy
LaNi5
ZrV2
Mg 2 Ni
Ti2Ni
TiNi
TiFe

Hnumber

Molecular weight

Ctheo. (mAh/g)

432
193
107
155
107
104

372
750

6
5.4
4
2.5
1
2

1002

432
250
515

2.5.2 Thermodynamic Properties
Gas-solid reaction
The properties of a metal-hydride system are typically illustrated by a pressurecomposition-temperature (P-C-T) relationship associated with the following reaction

M+±H2 = MHX Eq. 2.17
The above reaction has an enthalpy change AH, and an entropy change AS. The

equilibria of such gas-solid reactions are shown in Fig. 2.15a. Initially, a small amou

of hydrogen dissolves in the alloy as a solid solution (a-phase). The hydrogen occupies

interstitial sites in the lattice and its concentration depends strongly on the hydroge

pressure. After the solid solution is saturated, a hydride-phase (p-phase) nucleates an
grows. During the cc-p phase transition at a constant temperature, the equilibrium
pressure ideally remains constant because the number of degrees of freedom is one;

according to Gibb's phase rule. After the a-phase is completely converted into P-phase,

the equilibrium pressure increases with increasing hydrogen concentration, forming a yphase as a solid solution in the hydride. The hydrogen plateau pressure (PH2) increases
with increasing temperature according to the van't Hoff relation [124]
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LnP(H2) =

AH
AS
RT R

Eq.2.18

where R is the gas constant and T is the absolute temperature. Based on Eq. 2.18, a plot

of LnP(H2) vs. 1/T tends to be a straight line (Fig. 2.15b) with its slope and inter
(1/T = 0) being AH/R and AS/R, respectively . AH and AS can be obtained. AH can vary

widely from alloy to alloy and is a measure of the strength of the M-H chemical bond.
AS can also vary, but not nearly as much as AH. The van't Hoff plot is a convenient
way to graphically represent the pressure-temperature stability of metal hydrides,
especially to compare different metal-hydrogen systems. In order to measure the

conventional P-C-T curves, it normally needs several days with an automated Sievert's
type apparatus [125].

3
1/3

.-'--.7-3

_

C
CJ
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o
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u
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o
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H/M
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Fig. 2.15. (a) Pressure-composition-temperature (P-C-T) curves, and (b) the slope
of LnP(H2) vs. 1/T for hydrogen storage alloys [8].
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Electrochemical P-C-T curves
According to Eq. 2.17, the hydrogen partial pressure P(H2) on the metal hydride
electrode can be equal to the hydrogen equilibrium pressure Peq(H) of the metal

hydride. Therefore, the P-C-T curves are also evaluated electrochemically by con

equilibrium potentials Eeq(H) to pressures on the basis of a Nemst equation usin

electrochemical data [126]. The £eq(H) value against a Hg/HgO reference electrode
expressed as following:
Eea(H) = [E°(H)-E°(Hg/HgO)] + — + ln[ a(<H2°) j Eq.2.19
eq
6
2F
y(H2)-Peq(H)

where £°(H) and £°(Hg/HgO) are the standard electrode potentials of the H/H20 co

and the Hg/HgO couple, respectively; a(H20) is the activity of water; a(H2) is th

activity of hydrogen; and XH2) is the fugacity coefficient. After complete activ

powder-type electrodes were fully charged, and then a pulse discharge and a rest

until the potential becomes almost constant (<1 mV in 1 minute). It is noted tha

electrochemical method a potential change of about 30 mV corresponds to a pressu

change of one order of magnitude. Since the measured potentials have an estimate

error of 1 mV, the calculated pressure values are only accurate to within 10%. A

measurement is performed with the open cell under a pressure of 1 atm. Despite t
limitations, the electrochemical method is much more convenient than the method
using the gas-solid reaction.
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2.5.3 Kinetic properties
The reaction kinetics of hydrogen absorption-desorption in metal-hydrogen systems

an important factor in selecting hydrogen storage materials for practical applicat
There are several different methods used to study the kinetics of metal hydrides.

can be classified into two groups including gas-solid reaction and electrode proce

Gas-solid reaction

The plateau in the P-C-T curves is similar to many of the phase transformations of
nucleation and growth type reactions [127]

F(0 = l-exp{-(|)"} Eq.2.20

where F(t) is the fraction of reaction completed at time f, T is the reaction rate

constant, and n is an integer or half-integer, the value of which is controlled by

geometries associated with the rate-controlling process. For the a-»P transformati
the fraction of the reaction completed is given by:

F(t) =

Wit) W

- « Ed. 2.21

Wp-Wa

where W(t) is the weight of absorbed hydrogen at time t, Wa is the weight of absor
hydrogen in the a-phase and Wp is the weight of absorbed hydrogen in the p-phase.

Problems are usually encountered in relating these theoretical equations to the ac
cases. This is due to the fact that most experimental P-C-T curves do not exhibit
plateaus. So some half-theoretical methods were developed by Flanagan et al.
[128,129], Schlapbach [130], and Suda et al. [131,132] to study the
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hydriding/dehydriding kinetics, which can be affected by temperatures, alloy
composition and crystal structure, surface state, poisoning materials, and system
pressure.

The kinetics of the metal hydrides are strongly dependent on the alloy itself. Kinetics

can vary from very fast absorption/desorption rates in alloys such as AB5 to extremely
sluggish rates in Mg-based alloys. In the AB5 system alloys, the reaction rate is
controlled by the diffusion process, while in Mg-based alloys it is governed by

dissociate chemisorption and associative desorption. Values of the diffusion coeffici

of hydrogen in different alloys, which are obtained by different methods such as nucle
magnetic resonance (NMR), quasi-elastic neutron scattering (QNS) and electrochemical
measurements (EM) including the constant current discharge (CCD) and constant
potential discharge (CPD), are listed in Table 2.6.

Table 2.6. Hydrogen diffusion coefficient (DH) in different alloys.
Alloys

DB (cm2/s)

Methods

LaNi5

5 xlO"6

N M R [132]

LaNi5

2.7xl0"8

N M R [99]

LaNi5

6.1xl0"9

Q N S [134]

LaNi5
LaNi5
LaNi4.25Al0.75

~10"

8

_ io-

E M [135]

10

E M [107]

3.0xl0"10

C P D [11]

n

C C D [11]

LaNi4.25Alo.75
MmNi5

3.3xl0"

10

1.8xl0"

C P D [136]

FeTi

1.8xl0"12

Q N S [133]

Ti2Ni

2.3xl0"10

Q N S [133]

Zr36Ni64
ZrVNi
Mg 2 Ni

10

E M [137]

l

C P D [136]
N M R [138]

~ IO"

6.3x10"'

11

~ 10"
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Electrode process
The mechanism for charging the MH electrodes (hydrogen reduction) includes the
following steps [139].

(1) The supply of reactants by means of diffusion from the bulk (b) of the elect
the solid/solution interface (s)

M + H20(b) <=> M - H20(s) Eq. 2.22

(2) The charge transfer reaction produces adsorbed atomic hydrogen (Had) and OH"
the electrode surface

M - H20(s) + e~ & MHad + OH J Eq. 2.23

(3) The removal of the electrochemically formed reaction products from the inter
by means of diffusion to form the absorbed hydrogen

MHri « MHab Eq. 2.24

and transport of OH" ions into the bulk of the electrolyte

OH] & OH; Eq.2.25

If the diffusion rate of the atomic hydrogen cannot follow the production rate,
hydrogen evolution reaction occurs.
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Eq. 2.26

(4) The formation of a and p phase

MHab <=> MHab(a) <=> MHabrfi Eq. 2.27

Evidently, during the discharging process (hydrogen oxidation) the reverse reaction

take place with the exception of Eq. 2.26. From the above consideration it is clear

makes no difference for the solid state kinetics whether hydride formation is initi

the gas phase or electrochemically. Due to the different surface reactions, the over
kinetics of both hydride-formation processes may be quite different.

The rate of the charge-discharge reaction is expected to depend on: (1) surface
conductivity of the alloy particles; (2) effective surface area per unit weight of
or per unit area of electrode which is always changing by decrepitation, surface

oxidation and dissolution of component elements; (3) diffusivity of hydrogen from t

surface to the bulk alloy; (4) catalytic activity for the charge transfer reaction;
contact resistance between alloy and current collector; and (6) diffusivity of OH"
H20 to/from reaction surface.

2.5.4 Electrochemical methods
Different electrochemical methods have been used to study the kinetics of metal
hydrides. They are including the potential sweeps such as cyclic voltammogram (CV)
plots, the linear polarization, and electrochemical impedance spectroscopy (EIS).
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(CV)

Fig. 2.16 shows the cyclic voltammogram of an inactivated Zr-based alloy electrode

from -0.95 to -0.6 V vs. Hg/HgO at various scanning rates. The definite peaks (wav
ai) at potentials ranging from -0.8 to -0.95 V vs. Hg/HgO were observed and these

adsorption peaks indicate that there are hydrogen atoms adsorbed on the surface du

the formation of hydride. The counterpart of a, (&,) responsible for the desorptio
hydrogen of alloys were also observed. These results illustrate that the hydrogen
alloys can be readily activated in alkaline electrolyte by cyclic scanning.
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Fig. 2.16. Cyclic voltammetry of an inactivated Zr-based alloy electrode before
(dotted line) and after (solid line) the open-circuit period [140].
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Exchange current density (Io)
At a small overpotential (< 20 mV), the Butler-volmer equation can be rewritten as
follows [141]:

where n is the overpotential of the electrochemical reaction for a M H electrode and Io

is the exchange current density. Therefore, the exchange current density vs. hydrog

concentration at different temperatures can be obtained by using the slope of the I
plot. The exchange current density, which is related to the apparent surface area,

hydrogen content and the temperature, is a powerful parameter, measuring the kineti
of the electrochemical hydrogen reaction.

Electrochemical impedance spectroscopy (EIS)
EIS studies have been conducted on MH electrodes to investigate their kinetic
properties. Most of the authors have been using different equivalent circuits to

determine the kinetic parameters [142-146]. A Cole-Cole plot of the impedance of an
MH electrode using a copper-coated MmNi5 system alloy was well fitted by the

equivalent circuit shown in Fig. 2.17. R}, R2, R3 and R4 is the electrolyte resistanc
contact resistance between current collector and alloy, contact resistance between

particles, and the reaction resistance on the alloy surface, respectively. The majo

advantage of the method is that the frequency of the signal can be varied over a la
range, enabling resolution of phenomena with different time constants, such as
diffusion and charge transfer. Usually the measurement is performed with a low
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amplitude signal around an equilibrium state. This makes the method useful for
evaluating the parameters in M H electrodes for different states of charge, whereas other
measurement techniques usually give an average over a range of states of chargedischarge.

Fig. 2.17. A schematic figure of (a) a Cole-Cole plot and (b) an equivalent circuit
for M H electrodes. W h e r e Rn is resistive components; C„, normal
capacitive component; Qn, capacitive components; W4, W a r b u r g
impedance [147].
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2.5.5 Main Requirements for MH materials
Capacity, AH and plateau pressure
The hydrogen storage materials used for metal hydride electrodes must satisfy an

extensive list of requirements. At first, the amount of hydrogen that the materia

absorb/desorb determines the electrochemical storage capacity of the electrode an

consequently, the capacity of the battery. It is desirable to have high electrode

that is electrochemically reversible. To ensure reversibility, an important aspec

alloy design is the range of metal-to-hydrogen bond strengths, which must be abou

to -50 kJ (mol • H2)_1 [118]. If the bond is too weak, hydrogen will not react with

alloys and will be evolved as a gas. If the bond is too strong, the hydrgen in th

hydride electrode is extensively absorbed and does not desorb reversibly at the a
conditions.

The plateau pressure of the hydrogen storage alloys employed in Ni-MH batteries m

not be too high for the following reasons [148,149]: (1) the gas pressure inside a

should be relatively low for obvious safety reasons; (2) to reduce the self-disch

the batteries; (3) competition between the hydrogen evolution and hydride-formati
becomes more severe when high plateau materials are utilized. On the other hand,

important electrochemical requirement to be met for Ni-MH batteries is a high cel

voltage. Inspection of Eq. 2.2 reveals that this requirement is fulfilled when th

pressure is relatively high. Considering these various factors, it is desirable t
hydrogen storage alloys with a plateau pressure in the range of 0.01 to 1 atm.
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Oxidation
It is noted that even with an optimally adjusted metal hydrogen bond strength, the
oxidation problem of the metal hydride electrode in the Ni-MH batteries still remains.
The Ni-MH battery operates in a strongly oxidizing medium composed of a highconcentration alkaline electrolyte. Many metals and alloys react to form oxides in this
environment, a process which is accelerated where new alloy surface is produced by
decrepitation and pulverization due to the hydrogen absorption/desorption processes. It

follows that if these alloys are used as electrodes, they will oxidize and fail to store
hydrogen reversibly [150]. In addition, metal hydride electrodes where oxygen
recombination occurs at their surfaces are typically designed for use in totally sealed
batteries [151]. In this aggressively oxidizing environment, the oxidation and corrosion
resistance of MH electrode materials is critical. Because some oxidation at the metalelectrolyte interface is inevitable and because both passivation and corrosion can have
adverse effects on battery performance, these unwanted process must be controlled in
the design for a practical Ni-MH battery.

Electrochemical kinetics and transport process
Another consideration in the use of hydride materials in Ni-MH batteries relates to
electrochemical kinetics and transport process [139,152]. In particular, the high power
output of the battery depends critically on these processes. During charging, hydrogen
produced by electrolysis must react with the alloy to form metal hydride. During
discharge, hydrogen stored in the bulk alloy as metal hydride must be brought to the

electrode surface by diffusion to react with hydroxyl ions at the electrolyte interface.
Therefore, surface properties such as oxide thickness, electrical conductivity, surface
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porosity and topology, surface area, and degree of catalytic activity affect the rate at
which energy can be stored in and removed from the Ni-MH battery.

2.5.6 Structure and Properties
ABS

The AB5 system hydrogen storage alloys, in general, form hydrides with equil

pressures of a few atmospheres at temperature up to 100°C. The AB5 family ha
hexagonal structure with the CaCu5-type lattice (space group P6/mmm) which

in Fig. 2.18. There are twelve tetrahedral sites per unit cell, however, no
hydrogen atoms can be filled into these sites [153].

O Lanthanum

1(a)

o Nickel Ni, 2(c)
• Nickel Ni„ 3(g)

Fig. 2.18. Crystal structure of an A B 5 alloys [154].

Of the A B 5 intermetallics studied, the one receiving the most attention is the LaNi5
alloy. The La-Ni phase diagram reported by Buschow et al. [155] shows that

phase melts congruently and has a relatively large homogeneity domain at t

above 1000°C (i.e. LaNi4.8 to LaNi5.4 at 1200°C). The reaction of LaNi5 with h
is as follows:
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Eq. 2.29

A heat of reaction of about -30 kJ (mol •H2)"1 can be derived with a plateau pressure a
room temperature equal to 2.2 atm. The structure of the hydride material remains
hexagonal, but there is a lattice expansion of about 25%.

Isostructural pseudobinary (multicomponent) compounds can be obtained either by

replacing some of the lanthanum atoms or the nickel atoms by a third metal. The seri

of such substituted compounds of the type Lai.xRxNis (R = Ca, Ce, Pr, Nd, Sm, Gd, Y,

Er, Th, Zr) and LaNi5.xMx (M = Al, Cu, Mn, Co, Fe, Cr, Pd, Ag, Ga, In, Sn, Si, Se and
B) have been investigated in order to determine their hydride properties [156-162].

these compounds crystallize in the hexagonal CaCu5-type structure. The volume of the

unit cell changes on substitution and varies linearly with the value of x: it decre
the Lai_xRxNi5 systems whereas it increases in the LaNi5.xMx systems.

The hydrogen content in the LaNi5.xMx systems may be strongly affected by the type
and the extent of substitution; In contrast, among the Lai_xRxNi5Hz systems, the

hydrogen content is less affected by the substitution of lanthanum atoms (Table 2.7
[9,154]. The reduction in the amount of hydrogen absorbed by some pseudobinary

compounds is associated with a reduction in the number of occupied interstitial sit

[163]. Independently of the substitution, hydrogen atoms exhibit a strong preference

the larger 6m and 12n sites with the exception of Si. However, the filling of the 3f

and 4h sites is strongly dependent on the substitution. The decrease of the hydroge

content can be explained by the decrease of the occupation rate of 4h and 12o sites.
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In the above substituted hydrides the volume expansion of the unit cell is also smaller
than in LaNi5. The smaller increase of AV/V is due to the larger increase of the cell
volume for the substituted alloys in comparison to LaNi5. The volume expansion
resulted from the hydrogen absorption/desorption was identified to be the main cause
for material degradation during electrochemical cycling.

Table 2.7. Influence of the substitution in L a N i 5 o n its structure & hydrogen
absorption properties.
Hydrogen content Cell volume
(10 atm.)
AV/V%
(A3)
6.5
25.7
86.9
5.4
19.5
88.8
3.0
89.4
22
22.4
6.3
87.4
5.7
19.4
89.0
21.4
5.9
88.8
5.7
20.0
87.3
87.4
16.3
4.6

Alloy
LaNi 5
LaNi4.5A]o.5
LaNi4.5Mn0.5
LaNi 4 Co
LaB 5 *
Lao.gCeo.2B5
Lao.5Ceo.5B5*
MmB5*
* B 5 = Ni3.55Coo.75Mn0.4 AI0.3.

The partial replacement of lanthanum in LaNis generally leads to an increase of the

equilibrium plateau pressure. This property can be calculated approximately by simpl

linear regression equations as a function of the composition of the rare-earth alloy
the fractions X of La, Ce, Pr and Nd) [164]. For example, the mid-plateau desorption
pressure (Peq) can be illustrated by

L n Peq = 10.60 - 10.03X„ - 5.70XCe - 8.46XP- - 7.40X Nd

Eq. 2.30
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A s a comparison, the partial substitution of nickel in LaNis leads to a lowering of the
Peq which depends strongly on the type and the extent of the replacement. The partial

addition of Co [165] results in a lowered plateau pressure and a shorter plateau. The C
effect leads to decreased volume changes during hydriding/dehydriding which in rum
greatly reduces corrosion during charge/discharge cycles in KOH electrolytes. Mn

substitutes well for Ni leading to almost no capacity reduction and little in the way o
second phases [166]. Mn also causes increased pyrophoricity, suggesting that the oxide

structure of the AB5 surface is altered to be more permeable to air. Al is very effecti
in lowering the plateau pressure but leads to sloping plateaus. Al-substitution [160]
leads to distinctly reduced capacity because of the formation of second phases as well
as AB5 lattice distortions caused by the substitutional atoms. Al is very useful in
promoting disproportionation resistance in the AB5 structure [167].

In conclusion, the stability of the hydrides increases as the structure changes from
LaNis to the relatively complex alloy, MmNi3.55Coo.75Mno.4Alo.3- Also the hydrogen
capacity and the lattice expansion decrease. However, the cost of Mm is much lower
than the pure rare-earth. It may be seen that the capability of varying A or B in AB5,
either by ratio or by substitution, makes it possible to enhance desirable properties
eliminate undesirable ones. This is the reason why the AB5 hydrogen storage alloys
have been of particular interest for applications such as in heat pumps and Ni-MH
batteries. Heat pumps employing metal hydrides is one such application where the
hydride properties are modulated via alloy composition so that efficient operation can
be obtained with a given heat source and sink temperature. The Ni-MH batteries using
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the M H alloys as the active materials of M H electrodes are interesting products which
are being rapidly commercialized in recent years.

AB2
The AB2 hydrides are based on the AB2 Laves phases which form under certain
conditions depending upon the A/B metal atom size ratios and d-electron

concentrations [168]. For the Laves phases that form useful hydrides, A is usually a

Group IVA element (such as Ti and/or Zr) and B is normally one or more of the firstrow transition elements from V to Cu. Laves phase alloys have AB2 composition and
are categorized by three major types [169]: C14 (hexagonal, MgZn2 type, space group
P6i/mmc-D4eh), C15 (cubic, MgCu2 type, space group Fd3m-07h) and C36 (hexagonal,
normally C14+C15). The C14 and C15 phases, as shown in Fig. 28, are used as
hydrogen storage alloys.
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Fig. 2.19. Lattice structures of A B 2 Laves phase hydrogen storage alloys, (a) C14
Laves phase (MgZn2, O Mg, • Zn) such as ZrMn(Cr)2; (b) C15 Laves
phase (MgCu2, O Mg, • Cu) such as ZrV2.
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In each unit of the C 1 4 and C 1 5 Laves phases, there are 17 tetrahedral sites which are
characterized as A2B2 (12), AB3 (4) and B4 (1) [170]. However, the maximum
occupancy of hydrogen atoms is only 6(1/3) in C14 and 6 in C15 because of the
"exclusion rule" which states that two tetrahedra with a face in common may not both
contain hydrogen atoms at their centers. The occupation of hydrogen atom in the
tetrahedral sites is preferred is in the order of A2B2 > AB3 > B4.

Like the AB5 hydrides shown above, numerous substitutions can be made for both A
and B elements in AB2 hydrides to control absorption/desorption pressures. Unlike the
AB5 alloys, the AB2 alloys often show significant ranges of stoichiometry [171-173].
Through element substitution and non-stoichiometry, AB2 types alloys can
absorb/desorb hydrogen much more than AB5 type alloys so that they are currently
applied to practical use.

Practically, the candidate Laves phase alloys for MH electrodes are not single phase
alloys but multiphase ones. Ovshinsky et al. [118,174] reported that they developed
multiphase alloys which consist of four or more phases in addition to the AB2 Laves
phase. Included are the body-centre-cubic (BCC) phases that have good electrochemical

capacity but poor "catalytic activity", so the other phases are useful to "channel" th
for rapid electrochemical charge/discharge. These properties are achieved because of
the compositional and structural disorder existing in the alloy phases.

The compositional and structural disorder is designed into the MH materials on three
different length scales through the use of elemental composition and processing
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techniques of alloys and electrodes. The length scales can be classified into: long-range
(> 100 nm), intermediate range (10-100 nm), and local (atomic distance). Disorder on

each of these length scales is used to obtain different goals explained as: At first, t
long-range disorder is used in MH materials to give considerably higher hydrogen

storage and better kinetics than possible in the conventional MH alloy structures, whic

are compositionally ordered and crystalline. The processing of disordered alloys can be
optimized to produce poly crystalline, compositionally multiphase material.

Secondly, the intermediate range disorder plays a number of important roles, primly at
interfaces both within the bulk of the MH electrode and the electrode-electrolyte

interface. Formation of the polycrystalline, compositionally multiphase bulk alloy give

rise to a high density of grain boundaries between compositional and structural phases.
The intermediate-range disorder that occurs at the grain boundaries increases surface
area, which can greatly increase the density of catalytic sites.

Finally, The local disorder is used to increase hydrogen storage capacity, to improve
catalytic activity, and to adjust the M-H bond strength in the alloy.

The AB2 alloys have been improved by using titanium-zirconium-nickel-vanadiumchromium based alloys. The functions of these materials are concluded [19]: (1) Ti:
good hydrogen storage, passive oxide (Ti02), and high AH; (2) Zr: good hydrogen
storage, high AH, and passive oxide (Zr02); (3) V: good hydrogen storage, suitable
oxide porosity to surface, and high AH; (4) Ni: no hydrogen storage, destabilises AH,
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resistant to oxidation, and catalyst for hydrogen oxidation; and (5) Cr: vanadium
corrosion inhibitor.

AB
The group of intermetallics, which makes up the AB hydrogen storage alloys, absorb
and desorb at ambient conditions (a few atmospheres and less than 100°C) [175].
Although the first alloy hydride reported in detail was of the AB type, ZrNiH3.
However, this hydride has high hysteresis and required about 300°C for a desorption

pressure of 1 atm, so it was never used at room temperature. Most of the work done o

AB hydrogen storage alloys has been restricted to TiFe [99]. The TiFe alloy crystal
in the CsCl-type structure and reacts with hydrogen to form an easily decomposed

hydride; however, it is necessary to initially activate TiFe before it will react at
practical rate with hydrogen because poisons such as 02, H20, and CO can be very
detrimental to the TiFe-H reaction and may even halt the reaction completely [176].

A family of dissociation P-C-T curves for the TiFe/H system is shown in Fig. 2.20.

noted that the crystallographic transformations in TiFe/H systems are very complica
There are four distinct, non-stoichiometric hydrogen containing phases, a dilute
hydrogen solid solution phase (a-TiFeHo.12), two mono-hydride phases (pi- TiFeHi.04
and p2-TiFeHi.24) and a non-stoichiometric dihydride phase (y-TiFeHi 95). The

monohydride has a tetragonal structure, while the dihydride forms a cubic structure.
The AH value for the monohydride is -27.2 kJ (mol?M2)"1. Therefore, TiFe forms
hydrides with two separate plateaus. The thermodynamics of TiFe can be modified by
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ternary and higher partial substitutions such as M n , Ni, Cr and V , so the plateau
pressures can be adjusted to suit applications.
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Fig. 2.20. P-C-T curves for the TiFe/H system [177].

T h e first engineering scale use of TiFe alloys was in a utility loading levelling
demonstration [178], which consisted of producing hydrogen electrolytically and
storing it as a metal hydride. Subsequently, the hydride was decomposed to provide
hydrogen to power a 12 kW Pratt & Whitney fuel cell. This hydrogen storage reservoir

contained 400 kg of alloy and had an effective storage capacity of 6.4 kg of hydrogen.
Secondly, the TiFe-based alloys have been widely used in experimental automotive

applications [179]. Unfortunately, the AB family is rather sensitive to surface damage
from trace impurities present in commercial purity H 2 . Unlike the A B 5 and A B 2 alloys,
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the TiFe based alloys have never been successfully used as the MH electrodes, probably
because of their tendency to form passivating oxides in the alkaline electrolyte.

A2B
Ti-based alloy

The structure of Ti2Ni is that of a large face-centred cubic (FCC) unit cell containi
metal atoms (space group 0h7-Fd3m) [180].

The A2B alloy Ti2Ni and AB alloy TiNi are historically important as the first
intermetallic compounds proposed and used for MH electrodes [101,102]. Actually
both phases were used in a synergistic manner in the form of a two-phase (Ti2Ni+TiNi)
alloy. Both components served as electrochemical hydrogen storage media. Ti2NiH2.5
had more capacity than TiNiH but was slow to discharge in alkaline electrolyte and
subject to corrosive passivation. The TiNiH phase was much less subject to corrosion
and served as a "window" to rapidly channel the H to and from the Ti2NiH2.5 phase and
the alloy-electrolyte reaction interface, as well as contribute its own H to the
electrochemical reaction. Extensive attempts have been made by Daimler Benz [181] to
develop a commercial Ti2Ni-TiNi battery for automobile in the early of 1980s.
However, these attempts were unsuccessful because of reproducibility problems.

Mg-based alloy
The classic A2B hydride is Mg2NiH4, the earliest of the "lightweight" hydrides [119].

According to the investigation of Schubert et al. [182], the crystal structure of Mg2N
complex, having a hexagonal structure with a = 5.1907 A and c - 13.2172 A (space

CHAPTER T W O
LITERATURE REVIEW

62

group P6 2 22). The hydride M g 2 N i H t (3.6 w t . % H 2 ) forms by direct and reversible
reaction with hydrogen gas around 300°C. Also Mg2NiH4 undergoes a structural phase
transition at approximately 230°C to form a low temperature (LT) and a high
temperature (HT) phase [183]. The LT phase is monoclinic whereas the HT phase is
cubic.

Before 1995, several applications were suggested for the Mg-based hydrides, but none
were put into practice. In almost all cases, the base alloy was Mg doped with either
or Cu (present as Mg2M) which acted as catalysts for the hydriding/dehydriding

reaction [184]. Hoffman et al. [185] suggested the use of MgH2 for hydrogen storage i

automotive applications using the engine exhaust to supply the heat of decomposition.
Later Toepler et al. [186] proposed to use dual bed storage in hydrogen powered
vehicles to increase range and decrease weight. One bed consisted of TiFeHx operated
at low temperature while a second high temperature bed consisted of catalyzed MgH2
with the heat of decomposition again supplied by the engine exhaust.

Unlike all the other intermetallic hydrides, Mg2NiH4 is not really an interstitial me

hydride but rather a transition metal complex [187]. Perhaps this, along with limited

metallurgical opportunities for ternary substitutions, resulted in the failure to red
dissociation temperature (below 250°C) which might have led to the practical
utilization of this alloy.

It should be noted that the Mg-based alloys with an amorphous or nanocrystalline
structure have been used in MH electrodes since 1995 [12,120-123]. A number of
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processes can be used to prepare these materials such as: mechanical grinding of the
constituents (Mg and Ni), ball-milling the alloy, gas phase condensation, rapid
solidification, and sputtering (or combinations). Powders prepared by these methods
have a grain size less than 100 nm and preferably below 30 nm. Because of such a very

small grain size, hydrogen absorption/desorption (charge/discharge) is much faster than
with a similar poly crystalline alloy. The nanocrystalline powders have a very large
number of grain boundaries and surface defects, and also they keep their structural
integrity when they are subjected to absorption/desorption cycles since the size of the

crystallites is already lower than the typical size of grains after hydrogen decrepitat

It was reported by Ovshinsky et al. [120] that Mg52.iNi45.iCoo.28 prepared as an
amorphous thin film by rf-sputtering had an energy density of 720 mAh/g at a
discharge current density of 50 mA/g. Kohno et al. [188] reported that a discharge
capacity of 750 mAh/g was achieved for Mg2Ni ball-milled with nickel powder because

of the change of crystal grain size and the reduced heterogeneous strain. Iwakura et al.
[189] also reported that a homogeneous amorphous alloy was prepared by ball-milling
of Mg2Ni with Ni, which exhibited a high capacity of 870 mAh/g. However, the
discharge capacity of the Mg-based alloys decreased very rapidly. For example, the
discharge capacity of mechanical-ground Mg1.9Alo.1Ni alloy electrode was 690 mAh/g

at the first cycle, but only 400 mAh/g at the 20th cycle [188]. The capacity decay of th
alloy electrode is due to formation of magnesium hydroxide and oxide (confirmed by
XRD analysis) which suggests that the surface of Mg-based alloys was steadily

oxidized during the charge-discharge cycles. Therefore, there is still a lot of work to
in this area with the aim of improving the corrosion resistance in the alkaline
electrolyte.
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2.5.7 Non-stoichiometric alloy
The oxidation sensitivity can also be significantly improved by using nonstoichiometric (ABX) compounds, where 5.4 > x > 4.7 for rare-earth nickel system and
2.4 > x > 2.0 for Zr-based Laves phase alloys, respectively. The characteristic of nonstoichiometric concept is that some of the A-side positions in the crystal lattice are
replaced by pairs of B-side atoms [190]. These ABX compounds can be easily prepared

from the melt either by rapid solidification or by annealing the solidified compounds i
the homogeneity regions of their phase diagram. The typical substitution mechanism is
schematically shown in Fig. 2.21 where the B excess is accommodated by a partial
substitution of B2 dumbbells on the la site [191]. In general the non-stoichiometric
compounds show a significantly reduced a-axis and a strongly elongated c-axis.

Fig. 2.21. Structure of B-rich non-stoichiometric A B 5 + X alloys.

It is noted that the introduction of Co atoms on the B-side atom positions in the crystal
lattice was found to be very beneficial and improved the cycle life of rare-earth system
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alloy electrode. However, cobalt is expensive and it would be desirable to eliminate it
from the alloy formulation. A substitute for cobalt in stoichiometric AB5 alloys was
developed with the aim of reducing the cobalt content. As a result, a new class of Brich non-stoichiometric La(Ni,Sn)5+x alloys [191], which are cobalt-free and quite
cheap, was identified having excellent corrosion resistance.

The long-term cycling stability of the non-stoichiometric compounds is attributed to a
considerably lowered specific surface area (Ao), which reduces the absolute amount of
oxide and results in a much lower storage capacity loss during the electrochemical
charge-discharge process [192].

An additional advantage of the non-stoichiometric compounds is that they reveal a high

electrocatalytic activity with respect to the hydrogen charge transfer reaction because
a nickel rich-surface layer and a two-phase structure [193], which can assist the
catalysis of the charge transfer reaction.

2.5.8 The aim of the present study
Although Ni-MH batteries have been commercialized in recent years, much work still
remains to be done to improve their characteristics. The main factors affecting the

performance of Ni-MH batteries are so important that they are stressed in this study. On
the basis of the above review, the objectives of the present work will be:

• To prepare nickel hydroxide powders with high density and high electrochemical
activity.
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• To measure the effect of additives in the nickel hydroxide powders on the electrode
properties and then correlate the mechanism.

• To report the results of an investigation of the influence of individual Ce, Pr or Nd
as a substituent for La in LaNi3.8Sno.5Mno.4Alo.3.
• To study the effect of ball-milling Zr0.5Ti0.5(Vo.25Mno.i5Nio.6)2 alloy with nickel
powder on the alloy electrode characteristics.
• To investigate the possibility of Mg-based hydrogen storage alloys as the active
materials of MH electrodes.
• To determine the hydrogen diffusion coefficient in the AB5, AB2 and A2B system
MH electrodes.
• To decide the manufacturing processes of Ni-MH batteries and make these batteries
with high performance.
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C H A P T E R 3. E X P E R I M E N T A L

3.1 Metals and Chemicals

All the materials including metals and chemicals which were used in this wor
supplied by Aldrich Chemical Company Pty. Ltd. or as specified. The details
Table 3.1.

Table 3.1. Descriptions of metals and chemicals.
Product

Formula & Weight
(Atomic or Molecular)

Lanthanum
Cerium
Praseodymium
Neodymium
Titanium
Zirconium
Magnesium*
Nickel

La (138.9)
Ce (140.1)
Pr (140.9)
N d (144.2)
Ti (47.90)
Zr (91.22)
M g (24.30)
Ni (58.71)

Cobalt
Manganese
Aluminum
Vanadium
Zinc

C o (58.93)
M n (54.94)
Al (26.98)
V (50.94)
Zn (65.38)
Sn (118.7)
NiS0 4 • 6 H 2 0 (262.8)
Z n S 0 4 • 7 H 2 0 (287.5)
N H 4 O H (35.05)
L i O H (23.95)
K O H (56.11)
N a O H (40)
N a 3 C 6 H 5 0 7 • 2 H 2 0 (294.1)
NH4CI
NaH2PO2H2O(106)
CoCl 2 • 6 H 2 0 (237.93)
C0SO4 • x H 2 0 (155)
CaCl 2 • 2 H 2 0 (2147.02)
K F (58.09)
HC1 (36.46)
PVA[-CH,CH(OH)-l n (50.000)

Tin
Nickel Sulfate (hexahydrate)
Zinc Sulfate (heptahydrate)
A m m o n i u m Hydroxide
Lithium Hydroxide
Potassium Hydroxide
Sodium Hydroxide
Citric Acid, Trisodium Salt
A m m o n i u m Chloride
Sodium Hypophosphite Hydrate
Cobalt Chloride (hexahydrate)
Cobalt Sulfate Hydrate
Calcium Chloride Dihydrate
Potassium Fluoride
Hydrochloric Acid
Polyvinyl alcohol) hydrolyzed

Footnotes: * supplied by Goodfellow Company.

Purity (wt.%)
& Shape
99.9 (ingot)
99.9 (ingot)
99.9 (ingot)
99.9 (ingot)
99.7 (rod)
99.8 (sponge)
99.8 (pieces)
99.9 (sphere)
99.5 (powder <3 u)
99.9+ (pieces)
99.9 (chips)
99.9 (shot)
99.9 (rod)
99.9 (rod)
99.95 (shot)

>99
99
28.0-30.0

98+
85+
>97
>95
99.9

>99
99
99.9
99.9

99+
37
99
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3.2 Nickel hydroxide powders
High-density nickel hydroxide powder was synthesized using an automated Yamato
Pulvis Mini-Spray instrument (Model GA-32) as shown schematically in Fig. 3.1. The

coprecipitation process involves: (1) mixing the aqueous solution of nickel sulfate

chlorides of the additives calcium, cobalt or zinc (each up to 6% by weight percent)
adding ammonia solution to the above mixture to form the ammine complex; (3)

spraying the ammine complex in a heated atmosphere through a nozzle and injecting an

aqueous solution of potassium hydroxide to precipitate spherical nickel hydroxides,
which contain different amounts of Ca(OH)2, Co(OH)2 and Zn(OH)2 additives. The

solid particles were redispersed in deionized water and dried quickly to get the fi
powders. For comparison, conventional nickel hydroxide powder was synthesized at

room temperature by adding an ammonia solution to a nickel sulfate solution, and th
aging in 6 M KOH solution.

Pressure air
A m m i n e complex
(5= KOH solution

Exhaust air

Air supply •*

Fig. 3.1. Schematic diagram showing the synthesis of nickel hydroxide powders
with high density. 1: Fluid p u m p ; 2: spray nozzle; 3: needle valve; 4:
electromagnetic valve; 5: heater; 6: distributor; 7: drying chamber; 8:
cyclone; 9: product vessel; 10: aspirator; 11: cap; 12: inlet temperature
sensor; and 13: outlet temperature sensor.

CHAPTER THREE.
EXPERIMENTAL

69

3.3 Hydrogen storage alloys
3.3.1 Alloy preparation
The LaNi5 system and Mg2Ni-based alloys were prepared by induction melting in A1203
crucibles under a purified argon atmosphere. The Zr-based hydrogen storage alloys

were prepared by arc-melting under argon atmosphere and the ingots were annealed at
1050°C for 10 hours in a vacuum furnace (< IO"2 torr). The as-produced ingots were
crushed and mechanically ground to powders. After pulverization, the fraction that
passed through a 46 |am sieve was used for the electrochemical measurements.

3.3.2 Alloy treatment
The Zr-based and Mg-based alloy powders were selected to do the treatments as
follows:

Ball-milling
The Zr-based alloy powders were ball-milled with 10 wt.% Ni powder in an argon
atmosphere by using Fritsch planetary high energy equipment at a speed of 160 rev
min"1 for different times. The Mg2Ni-based alloy powder, which was ball-milled with
10% nickel (or cobalt) powder in argon, is designated as BM-Ni(Co)-alloy. The

powder ball-milled in the absence of nickel (or cobalt) powder in argon is designat

BM-Ar-alloy. Similarly, the powder ball-milled in the absence of nickel (or cobalt)
powder and in hydrogen is designated as BM-H-alloy.
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The Pressure-Composition-Temperature (P-C-T) curves for Mg 2 Ni-based alloys were
measured in a conventional constant volume apparatus [194].

Chemical coating
The powders of the Mg-based alloys were chemically coated with Ni at a temperature of
25°C in the solution listed in Table 3.2. T o eliminate the hydrogen produced in the
coating process and control the pulverization of the alloy particles, some additives such
as K F were added in the coating solution. The amount of the coated Ni on the alloy was
designed to be 10 wt.%.

Table 3.2. Basic composition and operating conditions of the solution for nickel
coating of Mg2Ni-based alloy.

Component

Conditions

NiS04-6H20

0.28 to 0.34M

Na3C6H507-2H20

0.5 M

NH4CI

0.25 M

NaH 2 P0 2 H 2 0

0.5 M

Thiourea

0.004 g dm"3

Rotation speed

150 rev min"1

Temperature

25°C

pH

8 to 8.5
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3.4 Electrode preparation and battery construction
3.4.1 Nickel hydroxide electrodes
Nickel hydroxide electrodes were prepared by inserting an active paste into a nickel
plate (2.5 mm thick). A paste containing 85 wt.% nickel hydroxide and 15 wt.% nickel

powder as electronic binder was used. These electrodes were dried at 100°C for 1 h an
cut into disks (1.2 x 1.2 cm2) which were pressed at a pressure of 900 kg cm"2.

3.4.2 Alloy electrodes

The nickel/cobalt ball-milled or nickel coated alloy powders were mixed with 1.5 wt.%

polyvinyl alcohol (PVA) solution, and then pasted into a nickel foam with a porosity o
95%. For comparison, the base alloy powders or ball-milled powders without Ni or Co)
were mixed with 10 wt.% Ni powders, and also pasted in the same way. Each kind of
electrode was then dried at 100°C under vacuum for 1 hour before pressing at 900 kg
cm"2.

3.4.3 Battery construction

The alloy electrode was rolled together with a nickel hydroxide electrode, separated f
each other by a non-woven separator, and placed in a battery can of AA size. After

adding an electrolytic solution of 5 M KOH + 1 M LiOH, the battery was sealed. Battery
samples were prepared in the Institute of New Energy Materials Chemistry at Nankai
University, Tianjin, China. A schematic process for manufacturing Ni-MH batteries,
which starts from the raw materials such as spherical nickel hydroxide powders and
hydrogen storage alloy powders, is shown in Fig. 3.2.
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Fig. 3.2. Schematic of the manufacturing process for a cylindrical N i - M H
battery.
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3.5 Charge/discharge properties
3.5.1 Electrode measurement

Both the nickel hydroxide and the alloy electrode were spot-welded to a nickel wire fo
electrical connection. Electrode property measurements were carried out at controlled

temperature by using a divided electrochemical cell which contained a nickel hydroxide
electrode, a metal hydride electrode, a Hg/HgO reference electrode, and 6 M KOH
solution as the electrolyte.

Charge-discharge properties of electrodes were measured by use of an automatic chargedischarge unit (DEC-1) and a computer. The examined electrode was galvanostatically
charged at 0.2 C rate to 150% of the theoretical capacity, rested for 0.2 h, and then

discharged at different discharge currents to 0.1 and -0.74 V vs. Hg/HgO electrode for

the nickel and MH electrode, respectively. When the electrodes were folly activated, t
Pressure-Composition-Temperature (P-C-T) curves were measured by an
electrochemical method, based on the Nernst equation and electrochemical data such as
the equilibrium potential and the discharge potential [126].

Cycle tests were conducted under the following scheme: charge at 0.4 C rate for 2.5 h,

rest for 0.2 h and discharge at 0.4 C rate to 0.2 and -0.74 V vs. Hg/HgO electrode for

the nickel and MH electrode, respectively. The swelling of the electrodes was measured
using a thickness gauge which is capable of continuous examination of the charge and
discharge cycles.
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The discharge capacities of the nickel hydroxide in the positive electrode and the

hydrogen storage alloys in the negative electrode were based on the amount of the activ
material (Ni(OH)2 or the hydrogen storage alloy) not including the weight of the

conductive powder (such as Ni or Co) and the additives in the electrodes. The utilizat
of the active material Ni(OH)2 was calculated from the ratio of the actual discharge
capacity of Ni(OH)2 in each electrode to the theoretical capacity (289 mAh/g). The
discharge capacity of each electrode was expressed in mAh per gram of the active
material.

3.5.2 Battery measurement
Battery properties were examined with a battery charge/discharge testing system using
different discharge currents at 25°C. Cycle tests were carried out under the following

conditions: charge at 1 A for 1.2 h, rest for 0.2 h and discharge at 1 A down to 1 V. T
capacity retention was determined from the ratio of the measured capacity to the
maximum obtained at a 0.2 C rate. The internal pressure of the battery was recorded
with a pressure gauge. The gas produced during the charge-discharge processes was
determined by a mass spectrometer.

3.6 Electrochemical properties
3.6.1 Cyclic voltammetry
The cyclic voltammetry (CV) measurements were recorded using a potentiostat (EG&G
Princeton Applied Research, M362) with a potential scan rate of 1 mV/s. The switching
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potentials were 0.1 to 0.6 V and -0.55 to -1.1 V vs. H g / H g O electrode for the nickel
hydroxide electrode and MH electrode, respectively. Various sweep rates from 1 to 50
mV/s were performed. For anodic polarization measurement, the MH electrode was first
activated and then was discharged to different charging states: (i) the fully charged
(electrode was charged at 0.2 C rate to 150% of the theoretical capacity), (ii) the

partially charged state, (iii) discharged state (electrode was discharged at 0.2 C rat
0.74 V vs. Hg/HgO).

3.6.2 Electrochemical impedance spectroscopy
All measurements of electrochemical impedance spectra were conducted under open
circuit condition in 6 M KOH aqueous solution by an impedance analyzer (EG&G
Princeton Applied Research, Model 6310). The amplitude of perturbation applied to the
electrodes was 5 mV. The impedance data were collected at 25°C as a function of
frequency scanned from the highest (10 kHz) to the lowest value (5 mHz). Nyquist plots

of the impedance data were fitted to an equivalent circuit by means of a non-linear lea
square fitting program [195].

3.6.3 Exchange current density

The apparent exchange current density (/0), which is a measure of the catalytic activit
electrodes, was evaluated by a potential sweep method [139]. The polarization tests
were conducted using the potentiostat mentioned above. The value of i0 can be
calculated from the slope of polarization curves by the following equation,
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io=(RT/F)(.i/7i)r,->0 Eq.3.1

where R is the gas constant, T is the temperature, F is Faraday constant, / is the
microkinetic current density and 77 is the overpotential.

3.6.4 Hydrogen diffusion coefficient
The diffusion coefficient (DH) of hydrogen in the alloys was measured by the
potentiostatic discharge method [196]. After the electrodes were activated by chargedischarge cycling, they were galvanostatically charged in" various states, and then
equilibrated until an equilibrium potential was reached. Finally they were discharged
potentiostatically at different states of charge. Current-time transient curves were
recorded using a potentiostat analyzer.

3.6.5 Corrosion potential/current
The corrosion potentials (£Corr.) and corrosion currents (icon-.) of the alloy ingots
measured using an EG&G Princeton Applied Research Model 351 corrosion
measurement instrument. One face of each electrode was exposed to the alkaline
electrolyte. The other face was connected to a nickel wire and protected from contact
with the electrolyte by a coating of epoxy resin. The electrodes were operated in the

potential region of-0.6 to -1.0 V. The corrosion currents were measured using the line

polarization technique, which was performed by applying a controlled-potential scan of
0.1 mV/s over a ±10 mV range vs. Zw
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3.7 Physical and chemical analyses

Particle size distribution and specific surface area of the electrode materials were

examined using a Malvern particle analyzer (PA). The pore size distribution and inne
pore volume of nickel hydroxide powders were measured by a NOVA 1000 (Yuasa

Ionics) nitrogen adsorption analyzer. Thermal analysis was carried out with a TGA-92
16-18 (Setaram) thermal analyzer. The chemical compositions of the nickel hydroxide

and hydrogen storage alloy powders were obtained using an inductively coupled plasma
(ICP) emission spectrophotometer (Model P-5200 from Hitachi Ltd). The phase
structure was identified by a Philips PW1010 X-ray diffractometer (XRD) with Cu Ka
radiation and a JEOL 2000 FX transmission electron microscope (TEM). Surface images
were investigated by a Leica/Cambridge Stereoscan 440 scanning electron microscope
(SEM) equipped with energy dispersive spectroscope (EDS). Element compositions and
distributions on the alloy surface were analyzed using a Perkin-Elmer PHI Model 550
Auger electron spectroscope (AES).

CHAPTER FOUR
NICKEL HYDROXIDE

78

CHAPTER 4.
NICKEL HYDROXIDE AS AN ACTIVE
MATERIAL FOR THE POSITIVE ELECTRODE
RECHARGEABLE ALKALINE BATTERIES

4.1 Introduction

Nickel hydroxide is widely used as an active material in nickel electrodes [31,33]. The

high-power density, very good cyclability and high specific energy of these electrodes
make them very competitive for an extended range of applications [4,50]. The most
recent application of nickel electrodes is in nickel-metal hydride (Ni-MH) batteries.
current designs of rechargeable batteries containing nickel electrodes, the battery

capacity is generally limited by the nickel electrode for reasons of battery safety [5

follows that increasing the energy density of the nickel hydroxide electrode is essent
to raise the energy density of such batteries.

It is reported that there are four phases [34] produced over the lifetime of a nickel
hydroxide electrode, namely p-Ni(OH)2, p-NiOOH, y-NiOOH and a-Ni(OH)2. The
formation of y-NiOOH is associated with the volume expansion or swelling of the
nickel hydroxide electrode. The phase change from p-NiOOH to y-NiOOH can be
correlated to a 44% increase in volume. Therefore, during the charge-discharge
processes, it is observed that: (1) the thickness of the nickel hydroxide electrode is
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increased and (2) the surface area of the nickel hydroxide electrode is increased [38].
The expansion of the active material interferes with the effective contact between
particles of the active material, and this increases the resistance of the electrode
reaction, especially at high-rate or high-temperature charge-discharge.

To improve the characteristics of the nickel hydroxide electrode, much work has been
focused on the development of spherical Ni(OH)2 powder [66,75] and additives
[88,197-199]. Spherical nickel hydroxide powder, which suppresses the development of

the inner pore volume, makes it possible to increase the density of the active material

itself. The addition of several percent of Co, Cd, Zn or other elements as solid solut
to the nickel hydroxide is a very effective method of suppressing the formation of yNiOOH. Although there are numerous studies on these topics the results are still not
complete. It is also noted that Co is very expensive and that Cd causes environmental

pollution. Thus, their utilization limits further development of so called "green" Ni-M
batteries.

In the present work, spherical nickel hydroxide powder with high density was prepared.
The influence of preparation conditions and the additions such as Ca +, Co + and Zn +

on the characteristics of the electrodes were also studied for the purpose of increasi
the electrochemical activity of the active material. Powder A was prepared by the
conventional method. Powders B, C, D and E were prepared by using a spraying
technique, which contained, respectively, no additive, 3.0 wt.% Ca +, 3.5 wt.% Co
and 3.6 wt.% Zn2+.
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4.2 Preparation processes
4.2.1 Effect of pH

The properties of nickel hydroxide powders prepared at different pH values under given
conditions are summarized in Table 4.1. Both the tapping density and the discharge
capacity of the nickel hydroxide gradually increased with increasing the pH value and
reached a maximum at pH = 11.0, and then they decreased.

Table 4.1. Effect of solution p H o n the performance of Ni(OH) 2 # .
Discharge capacity
(mAh/g)

9.5

Tapping density
(g/cm3)
1.85

242

(mAh/cm )
448

10.0

1.98

253

501

10.5

2.12

260

551

11.0

2.23

262

584

11.5

2.16

257

555

12.0

2.07

251

520

p H value

Specific capacity

# The nickel salt of NiS04 is used and the drying temperature is 100°C.

4.2.2 Effect of nickel salts

The characteristics of nickel hydroxide powders prepared from different nickel salts a

given in Table 4.2. The results illustrate that the electrochemical activity of nickel
hydroxide synthesized from NiS04 is higher than that of the others prepared from
Ni(N03)2 and NiCl2. The reason is that the adsorption of S042" ions facilitates the
precipitation, and this behavior decreased the quantity of adsorbed impurities on the
nickel hydroxide powders [200]. As a result, the crystal structure of nickel hydroxide
favors the powder activity.
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Table 4.2. Effect of nickel salts on the properties of nickel hydroxide*.
Tapping density
(g/cm3)
2.16

Discharge capacity
(mAh/g)

Specific capacity
(mAh/cm 3 )

254

549

NiCl 2

2.09

246

514

NiS04

2.23

262

584

Nickel salts
Ni(N0 3 ) 2

i

* The solution pF is 11.0 and the drying temperature is 100°C

4.2.3. Effect of drying temperature

Table 4.3 illustrates the influence of drying temperature on the properties of nicke
hydroxide powders. The electrochemical performance is excellent when the drying
temperatures are in the range of 80 to 120°C. According to a previous report [201],

there are two kinds of water molecules in nickel hydroxide, namely the adsorbed (ad.

water and the structural (st.) water. The loss of adsorbed water molecules takes pla
between 50 and 90°C, whereas structural water is removed between 90 and 180°C. The
processes for water removal are illustrated as follows:

50 - 90°C
Ni(OH) 2 • (Xad. + Y s t ) H 2 0
• Ni(OH) 2 • Y st .H 2 0 + X H 2 0 Eq. 4.1
90-180°C
Ni(OH) 2 • Yst. H 2 0
• Ni(OH) 2 + Y H 2 0
Eq. 4.2
>180°C
Ni(OH)2
• NiO + H 2 0
Eq. 4.3

The nickel hydroxide dried at low temperatures, which contains more structural water,

has high electrochemical activity because structural water favors the rate of diffu

protons. However, drying at a low temperature is too slow. On the basis of the above

data, and taking into account the electrochemical activity, the drying temperature i
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chosen in the range between 100 and 120°C. The final powders should be nickel
hydroxide particles strongly bonded by structural water molecules.

Table 4.3. Effect of nickel salts on the properties of nickel hydroxide.
Drying
temperature
(°C)
50

Tappmg
density
(g/cm3)
2.24

Discharge
capacity
(mAh/g)
259

Specific
capacity
(mAh/cm 3 )
580

80

2.23

262

584

100

2.21

260

575

120

2.17-

256

556

130

2.12

251

532

4.3 Physical and chemical properties of nickel hydroxide
powders
4.3.1 Composition

The chemical compositions for nickel hydroxide powders are given in Table 4

nickel contents are higher in A and B powders because there were no additio
during the preparation process. The nickel contents are very similar in the
powders, but the additive contents are different.

Table 4.4. Chemical compositions of the nickel hydroxide powders.
Chemical
composition
(wt.%)
Ni
Ca
Co
Zn

Powders

A

B

C

D

E

62.4 62.3 58.8 58.6 58.5
2.9
3.4
3.5
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4.3.2 Surface image
The surface images of the A and B powders were analyzed by SEM and are shown in
Fig. 4.1. At low magnification, powder A consists of irregular particles with an

particle size of 20 pm, while powder B appears as comparatively uniform spheres w
an average diameter of about 15 um. At high magnification, powder A shows many
pores on the powder surface, however, the surface of powder B is quite smooth. It

also observed that powders C, D and E had similar surface images to that of powde
thus they are not shown.

Fig. 4.1. Scanning Electron Micrographs of (a) the conventional and (b) spherical
nickel hydroxide powders.
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4.3.3 Pore size and pore volume

The pore size distribution and pore volume of all the nickel hydroxide powders studie

are listed in Table 4.5. The conventional powder has a wide range of pores with radiu
between 8 to 180 A, and this results in an average pore volume of 0.14 ml/g. On the

other hand, the spherical powders show a quite narrow range of pore size distribution
between 10 to 15 A and a pore volume of about 0.04 ml/g. There seems to be no
significant effect on the pore size distribution and pore volume of the different
additives. The spherical powders show the tapping densities between 2.17 to 2.23
g/cm3, much higher than that of the conventional powder.

Table 4.5. The pore size distribution, inner pore volume, and tapping density of
the conventional and high-density nickel hydroxide powders.
Pore size
Powders

A

o

(A)
8-180

Pore volume
(ml/g)
0.14

Tapping density
(g/cm3)
1.62

B

11-15

0.047

2.19

C

11-14

0.044

2.17

D

11-14

0.042

2.20

E

10-14

0.041

2.23

4.3.4 Crystallite size

Fig. 4.2 shows the x-ray diffraction patterns of the nickel hydroxide powders. All t
peaks can be indexed to pure p-Ni(OH)2 phase, illustrating that the added Ca2+, Co +

and Zn2+ are incorporated in the lattice of nickel hydroxide. Therefore, the formulae
the powders prepared by adding these metal ions should be written as (Ni,Ca)(OH)2,
(Ni,Co)(OH)2 and (Ni,Zn)(OH)2.
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Fig. 4.2. X-ray diffraction patterns of the nickel hydroxide powders.

Table 4.6 summarizes the full width of half m a x i m u m intensity (WV2) of the respective

powders in (001) and (101) lines. It can be seen that the diffraction peak intensity a
the WV2 values are different for each powder. The WV2 value for powder A is the

smallest, while for powder E it is the largest. This result illustrates that the cont

microstrains in the nickel hydroxide powder A is the lowest, while that for sample E i
the highest [79]. The content of microstrains decreases in the order of: E >D>C>B>A.

Table 4.6. T h e W__ values in (001) and (101) diffraction lines of different nickel
hydroxide powders.

Powder
A
B
C
D
E

Wm values (degrees)
(001)
(101)
0.406
0.294
0.788
0.895
0.817
0.895
0.819
0.897
0.822
0.902
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The D T A curves of the nickel hydroxide powders are given in Fig. 4.3. In each sample
a clear endothermic peak was observed around 300°C, owing to the decomposition of
the nickel hydroxide accompanying dehydration. The decomposition temperatures for
powders B, C, D and E are clearly lower than that for powder A. This is consistent with
the result from X R D analysis, that is powder A, having larger crystallite size, shows a
higher decomposition temperature. This result is in good agreement with the
relationship between the decomposition temperature and the crystallite size of nickel
hydroxide powders, previously reported by Tirado et al. [202] and Watanabe et al.
[203].

60
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D
E
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Temperature (C)

Fig. 4.3. D T A analysis for nickel hydroxide powders.
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4.4 Electrochemical properties
4.4.1 Charge-discharge curves
Fig. 4.4 illustrates the charge-discharge curves of A, B, C, D and E electrodes in the

first cycle. In the charge curves electrode A shows a higher charging potential than th
of any other electrode. From the discharge curves, it can be seen that electrode A has
the lowest discharge potential and discharge capacity. Therefore, nickel hydroxide
powders with a smaller crystalline size have better charge-discharge characteristics

such as lower overpotential (the difference between the charge plateau potential and t
discharge plateau potential), higher discharge plateau potential and higher capacity.
Because electrode A shows the poorest charge-discharge properties, it was not selected
in the following work.
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Fig. 4.4. Charge-discharge potentials as a function of the capacity for nickel
hydroxide electrodes.
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4.4.2 Cyclic voltammograms
Fig. 4.5 shows the cyclic voltammograms obtained from different electrodes in the
second cycle. The experimental results describing the features of the voltammograms

are summarized in Table 4.7. The difference (Eo - £R) between the oxidation potential

(EQ) and the reduction potential (E$) is taken as a measure of the reversibility of t

electrode reaction [204]. The smaller is this value, the more reversible is the electr
reaction. Therefore, the reversibility for electrode reaction is greatly improved by
additions of Ca2+, Co2+ and Zn2+. In particular, the electrode with Ca2+ addition allows

the charge process to occur most easily and most reversibly because of its highest va
ofZ-b-riR-

r

'

•

100

•

200

•

1

•

i

i

300

1

•

i

•

400

r

I

500

1

•

600

Potential (V vs. Hg/HgO)

Fig. 4.5. Cyclic voltammograms for various nickel electrodes in the second cycle
(scan rate: 1 mV/s).
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O n the other hand, the difference (EOE - E<_) between the potential of oxygen evolution
(EOE) and the oxidation potential is an important parameter to judge the properties of
nickel electrodes. A large difference is beneficial for the nickel electrodes. The
difference between EOE and £ 0 increases significantly by the Ca 2 + , C o 2 + and Z n 2 +
additions due to the decrease of oxidation potential and the increase of oxygen
evolution potential. This attribute apparently allows the electrodes with the additives to
be charged fully, namely the complete oxidation of Ni 2 + to Ni 3+ . A s a result, the
electrodes would give better properties such as a higher utilization and a larger capacity,
which are described later.

Table 4.7. Oxidation potential (E_), reduction potential (ER), oxygen evolving
potential

(EOE),

the difference between Eo and E R , and the difference

between EOE and E Q for various nickel electrodes.
Potential values
Electrode
£R

EOE

B

Eo
515

335

550

- E_ EOE • Eo
35
180

C

495

365

559

130

64

D

500

355

555

145

55

E

504

349

551

155

47

EO

4.4.3 Utilization of nickel hydroxide
The effect of the conventional (A) and high density nickel hydroxide (B, C, D, E )
powders on the percentage utilization are given in Table 4.8. The utilization of the
Ni(OH) 2 electrodes with Ca 2 + , C o 2 + and Z n 2 + added is higher than that of the
conventional one. This might be caused by the smaller pore volume of the high density
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nickel hydroxide powders prepared through the spraying technique. In addition, the
electrode with the Co addition shows the highest utilization, probably due to the
improvement in electric conductivity of the electrode because of the formation of
conductive CoOOH [66].

Table 4.8. The utilization of the conventional and high-density nickel hydroxide
powders at the discharge current density of 50 mA/g.
Discharge capacity
Utilization

Ni(OH)2
A

(mAh/g)
207

3

(mAh/cm )
335

(%)

71.6

B

267

585

92.4

C

270

590

93.4

D

278

612

96.2

E

272

602

94.1

4.4.4 Influence of additives

Fig. 4.6 shows the relationship between utilization of nickel hydroxide electrodes a
the amounts of Ca(OH)2, Co(OH)2 and Zn(OH)2 in the tested half-cells. It can be seen

that the results are similar for all three kinds of additives, namely the higher the
of the additive added, the higher the utilization of the electrode. The utilization
electrode saturates above 5 wt.%. The sequence of Ni(OH)2 utilization is: Co(OH)2 >
Zn(OH)2 > Ca(OH)2. The high utilization of Ni(OH)2 containing Co2+ may be the
reason why cobalt oxides/hydroxides are widely chosen as additives in nickel
electrodes.
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Fig. 4.6. Utilization of Ni(OH) 2 with different amounts of Ca(OH) 2 , C o ( O H ) 2 and
Zn(OH)2.

4.4.5 Influence of discharge current

Fig. 4.7 presents the effect of the discharge current on the utilization of activ

Ail charge operations were conducted at 150 mA/g for 2.5 h. The utilization of ea

electrode decreases obviously with increase in the discharge current. In all case

electrode with 5 wt.% Co(OH)2 shows a higher utilization than that of the other t

electrodes, therefore, the dischargeability of the nickel electrode at high disch
current is effectively improved by the addition of Co

+

ions.
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Fig. 4.7. Utilization of N i ( O H ) 2 at different discharge currents for electrodes B, C,
D and £.

4.4.6 Influence of

temperature

In practical application, nickel electrodes should have a stable discharge capaci

wide temperature range. The utilization of a nickel electrode is generally lowere
temperature due to the oxygen evolution as illustrated in Eq. 4.4.

40H -» 2H20 + 02 + 4e" Eq. 4.4

Fig. 4.8 gives the relation between the utilization and temperature of various nickel

hydroxide electrodes. The utilization of these electrodes decreases obviously wit

increase in the working temperature. The utilization of a nickel electrode contai

Ca2+ addition at 60°C shows the decrease in the smallest amount, which results fro
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largest difference between the potential of oxygen evolution and the oxidation potential.
This fact reveals clearly that the addition of Ca2+ is useful to improve the chargedischarge properties of the nickel electrode at high temperatures such as at 60°C.

100
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r

90

c
o

""So
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80

20

Charge: 150 mA/g for 2.5 h
Discharge: 60 mA/g to 0.1 V vs. Hg/HgO

30

40

50

60

Temperature ( C )

Fig. 4.8. Utilization of B, C, D and E electrodes at different temperatures.

4.4.7 Cycle life

Fig. 4.9 shows the cycle lives of electrodes B, C, D and E. The results illustrate th
cycle lives of the electrodes are related to the kinds of the additives: the longest
life was achieved for the electrode containing Zn2+additive. For example, after 200

charge-discharge cycles (100% depth of discharge), the electrode still kept 95% of the
initial capacity, m u c h higher than that of any other electrode.
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Fig. 4.9. Cycle life of the B, C, D and E electrodes.

Since electrode swelling is a cause of a low electrode cycle life, the alteration of
electrode thickness after different numbers of cycles was measured, as shown in Fig.

4.10. Without any additive, the electrode thickness expanded about 18% after 75 cycle
However, in any case with the additive, the electrode swelling decreased greatly.
Especially by adding Zn2+, the electrode thickness only increased 2% after the same

cycles. Therefore, the cycle life of the electrode can be correlated with the electro

expansion: the greater is the electrode swelling, the faster is the capacity decay of
electrode.

CHAPTER FOUR

95

NICKEL H Y D R O X I D E

20

16 -

12

"c

Charge: 150 mA/g for 2.5 h
rest: 0.2 h
Discharge: 150 mA/g to 0.1 V vs. HgflHgO
Temperature: 25°C

-B
_-.«-- C
....*.. D
—•-•-E

c
T"

n
20

40

60

80

Cycle number

Fig. 4.10. Swelling rate of B, C, D and E electrodes.

4.4.8 Formation of y-NiOOH
To further explore the factors which have an effect on the electrode cycle life and

electrode swelling, the active material in each electrode after fully charging at th

cycle was analyzed by XRD. The results are shown in Fig. 4.11. It is noted that ther

not only 13-NiOOH phase but also y-NiOOH phase found in electrode B (the pure nickel
hydroxide electrode). However, there is much less y-NiOOH detected in electrodes C,

and E (with the additions of Ca2+, Co2+ and Zn2+) and the active materials are existin

mostly in the form of (3-NiOOH This is most obvious for the electrode containing add
Zn2+.
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Fig. 4.11. XRD patterns for B, C, D and E electrodes after fully charging at th
200th cycle (* y-NiOOH).

To examine the formation of y-NiOOH during the charge process, a study was carried

out for B, C, D and E electrodes at the following depths of charge (DoC): (1) 0
25%; (3) 50%; (4) 75%; (5) 100%; and (6) 150%. The distribution of the active
materials is illustrated in Fig. 4.12. At 0% DoC, which is a fully discharged
amount of R-Ni(OH)2 was 100% and no |3-NiOOH or y-NiOOH was found. When the
electrodes were charged, p-Ni(OH)2 transformed to p-NiOOH and y-NiOOH But the
ratio for |3-NiOOH and y-NiOOH was quite different. For example, at 150% DoC,

which is a fully charged state, the p-Ni(OH)2 in electrode B was transformed to
NiOOH and 25% y-NiOOH. As a comparison, in electrode E, [3-Ni(OH)2 was mainly
changed to p-NiOOH (96%), and only 4% y-NiOOH was observed. So it can be
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concluded that: (1) the addition of Zn + in the nickel hydroxide electrode can suppress

the formation of y-NiOOH during the charging process; (2) the formation of y-NiOOH

is very slow at the initial stage of the charging (before 50% DoC) and quite fast
end of the charging process (after 50% DoC).

Depths of Charge (%)

Fig.4.12. Distribution of the active materials in B, C, D and E electrodes during
different depths of charge.

4.4.9 Change of y-NiOOH
Phase transformation of y-NiOOH and p-NiOOH to p-Ni(OH)2 was also observed at

different depths of discharge. Fig. 4.13 shows their distributions in the electro
0%, 25%, 50%, and 100% DoD. At 0% DoD, namely in the fully charged state, the
amount of y-NiOOH was 24%,-8%, 9%, and 4%, respectively for B, C, D, and E
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electrodes. At 5 0 % D o D , only 2 % y-NiOOH was left in electrode B and even less
remained in electrodes C, D and E. No signs of y-NiOOH were detected in all the
electrodes after 100% DoD. This means that all of the y-NiOOH formed in the charging
process was transformed to p-Ni(OH)2 after 100% DoD. Although the phase
transformation between y-NiOOH and P~Ni(OH)2 might be associated with a higher
oxidation state which can give higher capacities [205], it causes a serious volume
expansion of the active material, and this results in the swelling of the electrode.

Therefore, the formation of y-NiOOH should be suppressed effectively in practical u

and the addition of Zn(OH)2 to the electrode is obviously an effective way of achievi
this result.

Beta-NiOOH
• • Gamma-NiOOH
• i Beta-Ni(OH)2

Depths of discharge (%)

Fig. 4.13. Distribution of the active material in B, C, D and E electrodes at
different depths of discharge.
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4.5 Conclusions
Nickel hydroxide powders having improved properties were prepared by a spraying
technique. The influence of the preparation conditions and the coprecipitation of Ca2+,
Co2+, and Zn2+ in the powders on the physical and electrochemical properties were
examined. The optimum conditions for preparing powders with spherical particles, high
tapping density (2.15 to 2.23 g/cm3), small pore volume (about 0.04 ml/g), and

excellent activity require the use of NiS04 as the nickel salt, a reaction pH of 11.0, an
a drying temperature range of 100 to 120°C.

By coprecipitating the Ca2+, Co2+ and Zn2+ in the reactants, the final powders prepared
are in the forms of (Ni,Ca)(OH)2, (Ni,Co)(OH)2 and (Ni,Zn)(OH)2, having a higher
content of microstrains than that of the conventional powder. Nickel hydroxide
powders with a hgiher content of microstrains show better charge-discharge
characteristics such as lower overpotential, higher plateau discharge potential, and
higher capacity.

At room temperature of 25°C, the utilization of Ni(OH)2 with additives of Ca2+, Co2+
and Zn2+ is in the order of: Co(OH)2 > Zn(OH)2 > Ca(OH)2. The higher utilization of
Co2+ addition is owing to the improvement in electric conductivity of the electrode
because of the formation of conductive CoOOH during the charging process. At higher
temperature (60°C), the nickel electrode containing Ca2+ shows the highest utilization
because of the largest difference between the potential of oxygen evolution and the

oxidation potential. These results illustrate that for general use, it is better to adop
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addition of C o + , while for a wider temperature range such as the application of electric
vehicles, it would be better to consider the addition of Ca2+ in the active material.

The electrode swelling and cycle life are related to the formation of y-NiOOH: the
larger the amount of y-NiOOH phase formed in the charging process, the greater is the
increase of the electrode swelling, and also the faster is the capacity decay of the
electrode. The y-NiOOH is mainly formed at the end of the charging process and it is
also completely changed to P-Ni(OH)2 at the end of discharge. The addition of Zn2+ in
the active material is very effective in suppressing the formation of y-NiOOH.
Therefore, this could enable the manufacture of electrodes with longer cycle life.
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CHAPTER 5.

THE EFFECT OF La PARTIAL SUBSTITUTION
LaNis-BASED ALLOY BY Ce, Pr OR Nd ON
ALLOY PROPERTIES
5.1 Introduction
The nickel-metal hydride (Ni-MH) battery has been rapidly being commercialised in
recent years for many applications because of its higher energy density and better
environmental safety than that of the nickel-cadmium (Ni-Cd) battery [8]. Performance
of the Ni-MH battery depends on the characteristics of the hydrogen storage alloy
which is used in the MH electrode. The alloys utilized in commercial Ni-MH batteries
are usually complex AB5 alloys, where A generally represents a rare earth metal and B

may include any of the late transition or p-shell metals [150]. The typical alloy of AB
class is LaNi5. The substitution of the prototype LaNi5 alloy with small amounts of
other alloying elements has shown improvements in terms of both electrochemical
capacity as well as cycle life of the alloy electrode. Improved cycle life with Co
addition has been attributed to reduced volume change upon hydrogen
absorption/desorption [113]. Various ternary substitutions for Ni in LaNi5 improve the
cycle life in the order of Mn < Ni < Cu < Cr < Al < Co [206]. Recent results with Sn
substitution have shown a lower capacity loss, which is due to the reduced alloy
expansion and contraction in these alloys (lower hydrogen molar volume) [207].

Similar effects are also found as a result of substitution of La with Zr [208], Ti [209

other lanthanides such as Ce [7] and Nd [113]. The formation of a protective oxide film
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such as Ce02 can enhance the cycle life of the electrodes. Consequently it is possible t
design the characteristics of metal hydride electrodes by changing the alloy
compositions. This is auspicious for the use of relatively inexpensive mischmetal Mm,
a naturally occurring mixture of rare earth metals La, Ce, Pr and Nd, for La in alloys
having formulations such as Mm(Ni-Co-Mn-Al)5 [210,211].

Although Mm is widely used and the partial substitution of La by Ce has been studied,

the effect of individual Ce, Pr or Nd substitution on the alloy electrode properties has

not been completed. The aim of this chapter is to report the results of an investigation
of the influence of individual Ce, Pr or Nd as a substituent for La in LaB5 where the B
component remained unchanged. The composition of component B5

(Ni3.8Sn0.5Mno.4Alo.3) was based on those alloys recently studied as the active material
of metal hydride electrodes because of the relatively low cost of the alloy [191].

5.2 X-ray diffraction
Fig. 5.1 shows the X-ray diffraction (XRD) patterns of Lai_xRxB5 (R = Ce, Pr, Nd; x =
0, 0.15, 0.3), which confirmed that alloys with Ce, Pr or Nd compositions up to x = 0.3
were entirely the CaCu5-type hexagonal structure. With increasing Ce, Pr or Nd
concentration, the diffraction peaks shift to larger angles, implying a decrease in the
lattice parameters.
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Fig. 5.1. X-ray diffraction patterns for La!. x R x B 5 (R = Ce, Pr, N d ; x = 0, 0.15, 0.3;
B 5 = Ni3.8Sno.5Mno.4Alo.3) alloys.

The lattice parameters of Lai.xRxB5 alloys are listed in Table 5.1. It is of interest t
that L a B 5 alloy has the largest unit cell volume (with the largest a and the smallest c ),
Lao.7Ndo.3B5 alloy has the smallest unit cell volume (the smallest a but the largest c ),
so L a partial substitution with C e , Pr and N d results in a decrease in the unit cell
volume of the alloy due to the decreased atomic size of the substituted elements
compared with that of La. The variation of the unit cell volume of the Lai- X R X B 5 alloys
as a function of x is shown in Fig.5.2. The unit cell volume is also a linear function of
theCe, Pr or N d content, which decreases linearly with the increase of*. T h e equations
for the unit cell volume (V) as a function of x in L a i . x R x B 5 are concluded as follows,

For Ce: V = - 4.5058 x + 89.487 (A 3 )
For Pr: V = - 4.816 x + 89.481 (A 3 )
For Nd: V = - 5.102 x + 89.479 (A 3 )
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Table 5.1. Lattice parameters of L a ^ R - D - (R = Ce, Pr, Nd; x = 0, 0.15, 0.3; B s
Ni3.8Sn0.5Mn0.4Alo.3) alloys.

a (A)

c(A) Volume^3)

LaB5

5.063

4.031

89.48

Lao.85^ e 0.15"5

5.041

4.036

88.80

Lao.7l-e~.3B5

5.015

4.046

88.14

Lao.85Pr0.15^5

5.035

4.042

88.76

Lao.7PrQ.3B5

5.008

4.052

88.04

Lao.85Nd015B5 5.032

4.046

88.71

5.004

4.056

87.96

Lao.7Ndo.3B5

89.4— a — - ^ - x Ce x B 5
— 0 — "Lai •xPfxB5
—A— "La,- x Nd x B 5

89.2
.5—
89.0
(U

E

88.8-1
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88.4
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Z)

88.2
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Fig. 5.2. Variation of the unit cell volume of L a ^ R ^ - with x.
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5.3 Charge-discharge properties
5.3.1 Electrode activation
The discharge capacities of the alloy electrodes during the first several charge-discharge

cycles are shown in Fig. 5.3. From which it can be seen that the LaBs electrode shows
slower activation because it needs about 6 cycles to reach the maximum capacity (330

mAh/g), while all the substituted alloy electrodes exhibit faster activation. In par
for the Lao.7Ro.3B5, it only needs about 3 cycles to achieve the maximum discharge
capacity. The improvement in electrode activation may be due to an increase in the c

dimension of the unit cell, which possibly increases the rate of diffusion of hydrog

through the alloy. It is also pointed out that the element substitution causes a ca
decrease of about 20 mAh/g. The larger is the x value, the lower is the discharge
capacity.

350

3

300

-LaBs

--•-- -ao.95Ce ols B 5
--0- La 0 7 Ce 0 3 B 5

..._...
L-W r ..is B .
—_-.La„.7Pr0.B5
— • - -La oes Nd 0 ., s B 5

-v~La 0 7 Nd„B 5
3

4

Cycles (No.)

Fig. 5.3. Initial activation of La!. x R x B 5 electrodes (charged at 60 m A / g for 7.5 h
and discharged at 60 mA/g to -0.74 V vs. Hg/HgO).

CHAPTER FIVE
THE EFFECT OF La PARTIAL SUBSTITUTION IN LaNis-BASED A L L O Y

106

5.3.2 The difference (AE) between the discharge potential and the
equilibrium potential
Fig. 5.4 shows the relations between the equilibrium or discharge potential and
discharge capacity for Lao.7Ro.3B5 electrodes, which are obtained by charging them

and then repeating the following two processes: (i) a discharge of a small amount o

capacity at 60 mA/g and (ii) a rest period until the potential becomes almost const

The cut-off voltage was -0.74 V vs. Hg/HgO, giving a discharge depth of almost 100%
The difference (AE) between the discharge potential and the plateau equilibrium

potential (E_ - Eep) is of interest because it can be correlated with the reversibi
electrodes.

i
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- ° - La 0 7 Ce„B 5 , Eeq
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Q.
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Discharge capacity (mAh/g)

Fig. 5.4. The relation between equilibrium or discharge potential and discharge
capacity at 25°C for Lao.7Ro.3B5 electrodes.
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The effect of element substitution on the AE value is illustrated in Fig. 5.5. It is o
that AE value for Lai_xRxB5 electrodes decreased with increasing the Ce, Pr or Nd
content and passed through a minimum at x = 0.25. After this, AE value increased very

fast. It is expected that Lai_xRxB5 alloys having the x values between 0.2 and 0.3 woul
show better electrode properties because of the decreased AE values.

65
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0.5

x in La^RB,

Fig.5.5. The influence of x value in Lai.xRxB5 on the difference between the
discharge potential and the equilibrium potential (25°C).

5.3.3 Effect of discharge current densities on electrode properties
Capacity dependence
Fig. 5.6 shows the discharge capacities vs. different discharge current densities. As
mentioned in the electrode activation, there is a decrease in discharge capacity at a
discharge current density (60 mA/g) with the element substitution. However, at a high
discharge current density (300 mA/g), the order of discharge capacity is: Lao.7Ceo.3B5
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Lao.7Ndo.3B5 > Lao.7Pro.3B5 > LaBs. These results indicate that element substitutions
La in LaBs with Ce, Pr or Nd play an important role in improving the discharge

performance at high discharge current density. Since the stability of metal hydrides f
Lao.7Ro.3B5 is in the order of: La > Pr > Nd > Ce [212], the hydrogen diffusion rate
during the desorption process should be in the reverse order. The capacity decrease at
higher discharge current density was ascribed to the changes in the rate-determining
step. The higher is the discharge current, the more likely does the hydrogen diffusion
become the rate-determining. As a result, the Ce-substituted alloy shows a better
discharge capacity at high discharge current density such as at 300 mA/g.

'

50
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•

1
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1
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1—

300
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Fig. 5.6. Discharge capacities of the electrodes with respect to discharge current
densities at 20°C.
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AE value

In general, an increase in the AE value results in a decrease in the discharge poten

a discharge curve, which reduces the power of the electrode, so this value should be

low as possible in practical utilization. Fig. 5.7 shows the dependence of the AE va

on the discharge current densities for Lao.7R0.3B5 electrodes. The AE value seems to
the most affected by the discharge current density for LaBs and the least for

Lao.7Ceo.3B5. It is reported by Sakai et al. [208] that this value for discharging w

consist of two kinds of resistances due to a charge-transfer at the alloy-electrolyt

100
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Fig. 5.7. Dependence of AE (E_ - Eeq) value on the discharge current density
for Lao.7Ro.3B5 electrodes.

interface and a hydrogen diffusion from the bulk to the surface. Because La is easil
oxidized to form a thick oxide layer such as La(OH)3 [213] which prevents the

diffusion of hydrogen between the bulk hydride and the surface, this could lead to t

obvious increase in AE value. In the case of Ce addition, Ce can effectively protect
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oxidation of La because of the formation of a thin Ce02 film on the alloy surface [214].
As a result, the AE value increases slowly at high discharge current.

5.3.4 Cycle life

Fig. 5.8 shows the discharge capacity vs. cycle number curves for Lao.7Ro.3B5 electro
at 25°C. There is an initial steep increase in capacity in the first few cycles. This
comprises the activation process which is illustrated in Fig. 5.3. After activation,
maximum discharge capacity is achieved and then the capacity decreases. It is obvious

350

300

S
<

250

E,
~ 200
co
a
co
O
150
100

Cycles (No.)

Fig. 5.8. Discharge capacity versus cycle numbers of the alloy electrodes.

that the capacity decay rate is improved greatly in the presence of Ce, Pr or N d , and the
cycle life is most extended by the addition of Ce. It is known that the LaNi5 has an
oxidized layer composed of La(OH)3 on the surface. In particular, the repeated

charge/discharge cycles bring about the pulverization of the alloy [150], causing the
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continuous degradation of the alloy because of the oxidation of the produced fresh alloy
surface. It is believed that the formation of a CeC»2 film on the alloy surface becomes
more protective for the inner hydride because the oxide is very stable under the
charging/discharging conditions in the alkaline solution.

5.3.5 Self-discharge
The Lao.7Ro.3B5 electrodes were fully charged and stored for 48 hours at 25°C. The
charge-retention of these electrodes is presented in Table 5.2. It can be seen that the

Table 5.2. Self-discharge of electrodes after 2 days of storage at 25°C.

Electrode Cmaxa C^^ Cnux.-Qw. Self-discharge0
(mAh/g)

(mAh/g)

(%)

LaB 5

320

278

42

13.1

Lao.7Ceo.3B5

315

251

64

20.3

Lao.7Pro.3B5

306

253

53

17.3

Lao.7Ndo.3B5

310

260

50

16.1

Cmax.a: m a x i m u m capacity.
Cretb: capacity retained after 2 days of storage.
Self-discharge c (%) = [(C-^. - Cret.) •*• C„ax. ] * 1 0 0 % .

self-discharge (for 2 days) is in the order of Lao.7Ceo.3B5 > Lao.7Ndo.3B5 > Lao.7Pr
LaB 5 . There are two kinds of self-discharge, namely, reversible and irreversible, the
former is caused by the high plateau pressure of the metal hydride, the latter owing to
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the oxidation of the alloy [28]. Although the Lao.7Ceo.3B5 alloy electrode has the hig
self-discharge, the main cause is the reversible process because of its high plateau
pressure shown later. For the LaBs electrode, however, self-discharge is mainly
produced by the irreversible process.

5.4 Electrochemical pressure-composition-temperature
(P-C-T) curves
5.4.1 P-C-T curves
The P-C-T curves were measured electrochemically from the equilibrium electrode
potentials at different stages of hydrogen absorption or desorption [126]. The

equilibrium electrode potentials (£eq) are related to the equilibrium hydrogen pressur
P(U_), by the following equations:

0°C: £eq (V vs. Hg/HgO) = - 0.9347 - 0.0271 logP(H2) Eq. 5.1
20°C: £eq (V vs. Hg/HgO) = - 0.9291 - 0.0296 logP(H2) Eq. 5.2
40°C: £eq (V vs. Hg/HgO) = - 0.9236 - 0.0310 logP(H2) Eq. 5.3

Fig. 5.9(a)-(d) illustrates the P-C-T curves during hydrogen desorption (discharging)
Lao.7Ro.3B5 at 0, 20 and 40°C. It is observed that the discharge capacity for each
electrode decreased at 0°C and 40°C compared with that at 20°C. The capacity decrease
at 40°C is due to the increase in hydrogen equilibrium pressure which caused the
decrease in charging efficiency of the electrode. The discharge capacity tends to
decrease at 0°C because of the lowering in discharge plateau potential.
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Fig. 5.9. Electrochemical P-C-T curves (desorption) for the electrodes of (a) LaB 5 ,
(b) Lao.7Ceo.3B5, (c) Lao.7Pro.3B5 and (d) Lao.7Ndo.3B5.
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5.4.2 Enthalpy (AH)

For the calculation of the enthalpy of hydride formation (AH), the van't Hoff equati
was employed

InP = AH/(RT) - AS/R Eq. 5.4

Where P is the plateau pressure, AS is the entropy of hydride formation, R is the ga
constant, and T is the absolute temperature. Based on the above equation, a plot of InP
vs. 1/T (Fig. 5.10) should produce a straight line with its slope being AH/R. AH can then
be calculated. The values of enthalpies of hydride formation for LaB 5 , Lao.7Ceo.3B5,
Lao.7Pro.3B5 and Lao.7Ndo.3B5 are -37.9, -34.8, -35.7 and -35.2 kJ (mol-H2)"1,
respectively. The study by Ovshinsky et al. [118] shows that an alloy is suitable for the
applications in M H electrodes if the value of AH is between -25 and -50 kJ (mol-H2)~ .
Therefore, Lao.7Ro.3B5 alloys are potential candidates for electrode materials.

-0.5
-1.0
-1.5

E
£ "20
_J -2-5
-3.0
-3.5

-4.0
3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

1000/T(1/K)
Fig. 5.10. The van't Hoff plot for the electrodes of (a) LaB5, (h) Lao.7Ceo.3B5, (c)
Lao.7Pro.3B5 and (d) Lao.7Ndo.3B5.
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5.5 Electrochemical kinetics
5.5.1 Cathodic polarization

Fig. 5.11 shows the cathodic polarization of Lao.7Ro.3B5 electrodes. It is clear that L
has the largest reduction current produced by the formation of metal hydride followed

by Lao.7Pro.3B5, Lao.7Ndo.3B5 and Lao.7Ceo.3B5. This results from the fact that alloy L
has larger -AH, thus forming a more stable hydride compared with the others. As the
potential is swept to the negative, hydrogen evolution (HE) occurs on the surface. The
electrode potentials for LaB5, Lao.7Ceo.3B5, Lao.7Pro.3B5 and Lao.7Ndo.3B5 approach 0.952, -0.935, -0.941, and -0.938 V vs. Hg/HgO, respectively, HE takes place. This
means that the Ce, Pr, and Nd substituted alloys are more susceptible to HE than LaB5.
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Fig. 5.11. Cathodic polarization curves for Lao.7---0.3B5 electrodes.
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5.5.2 Anodic polarization
Fig. 5.12 shows the transient anodic current in response to overpotential of LaB5 at
various charged states with the scan rate of 1 mV/s. The anodic current generally

increases as the overpotential increases, but when strongly polarized, a limiting curr

(I'L) can be observed. In addition, the value of i_ increases as the extent of chargin
electrode is increased. This means that the discharge capability of electrode is a
function of the charged state and is also a function of the limiting current.
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Fig. 5.12. The anodic current vs. overpotential of LaB5 electrode at various
charged states (Scan rate: 1 mV/s).

Fig. 5.13 illustrates the relation between anodic current and transient polarization

response of Lao.7Ro.3B5 electrodes which were charged at 60 mA/g for 7 h. The absolute

values of iL for LaB5, Lao.7Ceo.3B5, Lao.7Pro.3B5 and Lao.7Ndo.3B5 are 420,478, 440, an
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462 mA/g, respectively. Similarly, the trend of i_ is same for alloys under the other
states of charge. Therefore, Lao.7Ceo.3B5 has the highest discharge capability.

Overpotential (V)

Fig. 5.13. T h e anodic current vs. overpotential of Lao.7R0.3B5 electrodes at the
charged state of 60 mA/g for 7 h (Scan rate: 1 mV/s).

5.5.3 Overpotential
The limiting current results from the mass transport of some diffusion species. The

main diffusion species may be the hydrogen atom in the bulk of alloy, the hydroxyl ion
(OH") in the electrolyte, or the water molecule (H20) in the solution. Because the

electrochemical cell was designed with excess electrolyte, it is reasonable to assume
diffusion resistance of OH" and H20 is much lower than that of hydrogen atom. The

basic charge/discharge reactions of metal hydride electrodes in alkaline solution can
represented as follows [215]
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Charge
M + H20 + e Z^I MHs + OH" Eq. 5.5
Discharge

MHS ;• MHab Eq. 5.6

where M is the hydrogen storage alloy, MHS denotes the hydrogen on the surface of
MH electrode, and MHb denotes the hydrogen in the bulk of MH electrode. Based on

the concept of free energy curves and Fick law [216,217], the anodic overpotentia
of Eq. 5.5 can be expressed in the following form

RT , ,— i. RT , . // . _ _ _
rj = ~
ZT;H—) + ~
—m(—L—)
(\-a)F h
(\-a)F
iL-i

Eq. 5.7

where a is the transfer coefficient. The first term on the right side of Eq. 5.7
activation overpotential (77A). The second term corresponds to the concentration

overpotential (TJC) due to the diffusion resistance of hydrogen transport. To dif

the contribution of charge-transfer and mass-transfer resistance, Eq. 5.7 was emp
to calculate the values rjA and rjc.

Fig. 5.14 shows the relationship between overpotential and discharge current dens
for Lan-R^Bs electrodes charged at 60 mA/g for 7 h. It is apparent that for each

electrode at low discharge current density rjA is greater than r/c, whereas at hig

r/c becomes dominant. This means that the release of hydrogen in the bulk is the r
determining step for MH electrodes at a high rate discharge. In addition, when
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comparing data in each figure, it can be found that the overpotential is in the order of
LaBs > Lao.7Pro.3B5 > Lao.7Ndo.3B5 > Lao.7Ceo.3B5, which is the same as that for -AH.
Since the value of -AH is an index of the metal-hydrogen bonding strength, it not only
determines the capacity of hydrogen absorption but also controls the diffusion
resistance to hydrogen release during discharge. However, the ability to absorb
hydrogen and its ability to release hydrogen from the bulk are usually in opposite
directions. In many cases, an alloy absorbing a larger amount of hydrogen (higher

discharge capacity) has higher diffusion resistance to hydrogen release, and vice versa.
Consequently it can be claimed that -AH is a major factor controlling the
charge/discharge performance of the MH electrodes. At low discharge rate the electrode
overpotential for LaB5 is small so that the absorbed hydrogen can be discharged easily
because the hydrogen content of the alloy becomes the main factor controlling the

discharge capacity. Therefore, the discharge capacity of LaB5 is larger than any element
substituted one. On the contrary, at a high discharge rate the discharge performance is
determined by the concentration overpotential due to hydrogen diffusion, hence the Ce,
Pr, Nd substituted alloys have higher discharge capacity than LaB5.
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Fig. 5.14. The influence of discharge current density on the overpotential of (a)
LaB 5 , (b) Lao.7Ceo.3B5, (c) Lao.7Pro.3B5 and (d) Lao.7Ndo.3B5 electrodes
(charged at 60 mA/g for 7 h at 25°C).
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5.5.4 Impedance analysis
Electrochemical impedance spectroscopy (EIS) was also recorded to analyze the effect
of Ce, Pr or Nd substitution on the kinetics for hydrogen absorption/desorption
(charging/discharging) of the alloy electrodes. The impedance plots of Lai.xRxBs
electrodes at 10% depth of charge are shown in Fig. 5.15. The Cole-Cole plots mainly
consisted of two semicircles and no slope related to the Warburg impedance. The
smaller semicircle at high frequency hardly changed, however, that in the low frequency
region changed obviously.
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Fig. 5.15. Electrochemical impedance spectroscopy analyses of Lao.7Ro.3B5
electrodes.
The impedance data were analyzed using a generalized equivalent circuit adopted for
MH electrodes [147], which is illustrated in Fig. 5.16. The equivalent circuit for the
electrodes consists of the following components: the electrolyte resistance between the
MH electrode and the reference electrode Rh the contact resistance between the current
collector and the plastic bonded electrode R2, the contact resistance between the

particles of the alloy R3, the reaction (charge-transfer) resistance R4 and the capaciti

C H A P T E R FIVE
THE EFFECT O F La PARTIAL SUBSTITUTION IN LaNis-BASED A L L O Y

124

components labelled by Qi which are modelled as constant-phase elements (CPE) to

describe the depressed nature semicircles. The error for the fitting calculation is les

than 2% in the measured frequency range. It is noted that there is no slope related to t
Warburg impedance in the low frequency region for all the electrodes, which means

that the bulk diffusion of hydrogen in the alloy is faster than that of the surface rea
process. Therefore the rate-determining step for electrochemical charging/discharging
of Lai_xRxB5 is controlled by the surface process in the conditions studied.

R,
R2

R,

R4

Fig. 5.16. A n equivalent circuit for Lao.7Ro.3B5 electrodes.

5.6 Conclusions

The partial substitution of Ce, Pr or Nd for La in LaB5 (B5 = Ni3.8Coo.5Mno.4Alo.3): (1)

has no effect on the hexagonal CaCu5 structure, but changes the lattice parameters with

decreasing unit cell volume; (2) improves the electrode activation and dischargeability
at high discharge current density; (3) decreases the capacity decay owing to the
formation of a protective oxide film on the alloy surface; and (4) increases the selfdischarge of the electrode due to the higher plateau pressure of the metal hydride. It
noted that Ce is the most effective in improve the characteristics of the alloy and
therefore the content of each rare-earth in the mischmetal should be controlled
accurately in the production of the metal hydride electrodes.
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CHAPTER 6.

PROPERTIES OF Zr05Ti0.5(V0.25Mn0.15Ni06)2 ALLO
BALL-MILLED WITH NICKEL POWDER
6.1 Introduction
The AB2 Laves phase hydrogen storage alloys, especially the Zr-based alloys with C14
and CI5 phases, are considered as promising candidates for negative electrode
materials for the nickel-metal hydride (Ni-MH) battery [118,218]. These materials have
significant advantages over MmNi5 system (Mm is mischmetal) alloys including higher
hydrogen storage capacity and superior oxidation/corrosion resistance [219]. However,

the activation and electrocatalytic activity of the alloy electrode are still inferior t
those of the MmNi5 system alloys [220,221]. The main reasons for the slow activation
and low electrocatalytic activity are: (1) a zirconium oxide layer, which is not an
electrical conductor, is formed on the surface of the alloy grains and it impedes the

diffusion of hydrogen; and (2) a low nickel content layer on the alloy surface results in
a lower surface activity for hydrogen absorption/desorption.

In order to improve the above aspects, much previous work has been focused on the
surface modifications of the alloys. Zoitos et al. [222] have investigated the KOH
etching of the Zr-based alloy and found the etched alloys have enhanced capacity and

increased catalytic activity due to the formation of oxide-free internal surfaces. Zuttel
al. [11] have shown that pretreatment of Zr(V025Ni075)2 alloy in a 5% HF solution
produces a dramatic improvement of the electrode activation owing to the dissolution
of the surface oxide layer and the resulting enrichment of nickel on the top surface
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layer. McCormack et al. [223] have reported that activation of ZrCrNi is greatly
accelerated by a pulse activation process consisting of alternately applying potential
pulses at voltages expected to result in hydriding/dehydriding of the electrode because
of the formation of microcracks.

For the purpose of increasing electrical conductivity of metal hydride electrodes, nicke
powders (5-10 wt.%) are normally added in the hydrogen storage alloys during the
electrode manufacturing process, but they are only mechanically mixed. In this study,
the as-cast Zr05Ti05(V025Mn015Ni06)2 alloy powders were ball-milled with nickel
powders. It has been found that the electrochemical properties of the ball-milled alloy

electrode are greatly improved because of the formation of a large nickel rich interface

6.2 Phase structure and surface analysis
6.2.1 X-ray diffraction (XRD)
Fig. 6.1 shows the XRD patterns for the mixture of the as-cast Zr0 5Ti0 5(V0 25Mno.15Ni06)2
alloy and nickel powders before and after ball-milling. The XRD pattern of the mixed
powders before ball-milling shows the characteristic peaks of hexagonal C14 Laves

phase and pure nickel. It is interesting that the pure nickel peaks have disappeared aft
ball-milling for 4 h or longer, and only the peaks for hexagonal C14 Laves phase were
observed. In addition, those peaks were broadened, indicating that the content of
microstrains becomes higher because of the long time ball-milling. These results
illustrate that there is a high degree of nickel dispersion in the alloy to form a
superstoichiometric Laves phase structure with increasing the content of microstrains.
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Fig. 6.1. X-ray diffraction patterns for the mixture of Zr05Ti05(V02SMn015Ni06)2 alloy
and nickel powders during the ball-milling process.

6.2.2 Scanning electron microscopy (SEM)
Fig. 6.2 shows the surface morphology examined by SEM for the mixture of
Zr05Ti05(V025Mn015Ni06)2 alloy and nickel powders before and after ball-milling (for 4 h).

The mixture before ball-milling (Fig. 6.2a) with an average particle size of about 30
exhibits a typical solidification morphology. The outside layer of the as-cast alloy
very homogeneous (Fig. 6.2b). After ball-milling, the particles experience a rapid
decrease in average size to about 1 (im (Fig. 6.2c), but a large amount of porosity

appears on the surface of the alloy (Fig. 6.2d). The honeycomb structures visible in F
6.2d were analyzed by EDS. It was found that these zones contained all of the
component elements of the alloy. One of the regions examined gave an atomic ratio of
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Zr:Ti:V:Mn:Ni = 10:9:7:5:68, which shows a higher Ni content compared with the
composition of the alloy (Zr:Ti:V:Mn:Ni = 16.7:16.7:16.7:10:40). T h e presence of
zones containing nickel, practically all over the surface of the samples with a nickel
concentration (atomic) in the range of 46-75%, indicates a high degree of dispersion of
nickel in the alloy.

Fig. 6.2. Surface morphologies of the Zr 05 Ti os (V 025 Mn 015 Ni 06 ) 2 alloy powders: (a)
mixture of the as-cast alloy and nickel powder, (b) one particle of the ascast alloy, (c) mixture of the as-cast alloy and nickel powder after ballmilling for 4 h, (d) one particle of the ball-milled mixture.
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6.2.3 Auger electron spectroscopy (AES)
It is well-known that Ni is very effective as an electrocatalyst for the hydrogen

evolution reaction. Therefore, it is important to obtain detailed information about the

alloy surface composition. The change of surface element composition after ball-milling
was analyzed by AES and is shown in Fig. 6.3. Although the elements Zr, Ti, Mn, V, Ni

and O are detected in both kinds of alloy surface, the intensities corresponding to the
elements are quite different. In the alloy before ball-milling, the peak for O is very
strong; while in the alloy after ball-milling for 4 h, the peak for O becomes much
weaker and Ni shows the strongest peak.
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Fig. 6.3. AES spectra for ZrMTiu(V0l25Mn0LlsNiJ2. (a) before ball-milling and (b)
after ball-milling for 4h.

Depth profiling was also conducted on these alloy powders in order to assess elemental
distributions of Ni and O within the surface layers. Depth profiles of Ni and O

composition are shown in Fig. 6.4. It can be seen that the Ni and O composition in the
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surface layer changed greatly after the ball-milling. In the region examined, oxygen was
enriched and nickel was depleted on the alloy surface before ball-milling. However,
after ball-milling oxygen was much depleted and nickel was enriched on the alloy
surface. So it can be concluded that the nickel ball-milling process results in the
redistribution of elements on the alloy surface which shows a nickel rich layer.
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Because the electrochemical reaction process always takes place on the alloy/solution
interface, the charge/discharge properties depend on the Ni concentration in the surface
region of the alloy electrode. The difference between the relative amount of Ni in the
electrode surface for un-ball-milled and ball-milled alloy samples can be maintained

during the cycling process. Therefore, it is believed that the increased Ni concentration
in the alloy surface region is responsible for the improved performance of the ballmilled alloy electrode which will be discussed later.

6.3 Discharge properties
6.3.1 Activation of the electrode
The ball-milled Zr05Ti05(V025Mn015Ni06)2 alloy electrodes were activated under the

following conditions: charged at 60 mA/g for 7 h, rested for 0.2 h and then discharged at
60 mA/g to -0.74 V vs. Hg/HgO reference electrode. The discharge capacity of the

electrodes vs. discharge cycles is shown in Fig. 6.5. It can be seen that the capacity of
the as-cast Zru5Ti05(V025Mn015Ni06)2 alloy slowly increased with cycling, eventually
giving a capacity of 338 mAh/g after 14 charge-discharge cycles. However, all the ballmilled alloys show rapid activation, for example, a discharge capacity of 352 mAh/g
was measured in the fifth cycle for the alloy ball-milled for 4 h. Therefore the chargedischarge efficiency of the alloy electrode is markedly improved by the ball-milling
process.
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T h e effect of ball-milling time on the initial discharge capacity of

ZrMTlt/Vu^n(tl5N-J2.

A s analyzed by A E S , the surface of the as-cast alloy has a high concentration of oxygen.
This indicates the presence of an oxide layer which can not undergo dissociated

hydrogen adsorption. In contrast to this, on the surface of the ball-milled alloy, th

content of oxygen is relatively low and there is also a nickel rich layer. In additio

specific surface area of the ball-milled alloy is much larger, and the ball-milled po
is probably not simply a mixture of the alloy and Ni, but a metastable system with a

large number of grain boundaries and surface defects [224]. Owing to these factors, t
stages of hydrogen absorption/desorption, metal hydride nucleation and hydrogen

diffusion should all be accelerated. As a result, the charge/discharge reactions begi
m a x i m u m rate.
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6.3.2 Discharge curves
Fig. 6.6 shows the discharge curves for the mixtures of Zro.5Ti0.5(V02JMn015Ni06)2 alloy
and nickel powder before and after ball-milling at the 20th cycle. Although the

discharge capacities are similar for all the electrodes, the discharge potentials for

ball-milled alloys were higher than that of the un-ball-milled one. Moreover, a disti

plateau potential is observed for all of the nickel ball-milled alloys. This means th

nickel ball-milling process is effective for reducing the slope of the discharge curv
without degrading the capacity. A flat plateau pressure in the discharge curves is
important for the electrode performance such as discharge efficiency and discharge
capacity [107].
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As discussed in the XRD analysis, ball-milling the alloy with nickel powder gave rise to
a decrease of the grain size so that it would be relatively easy for hydrogen to occupy

the tetrahedral interstitial sites, and this can result in a faster diffusion for hydroge
through the alloy. At the same time, the Ni rich surface layer can play a role in

decreasing the overpotential of the alloy electrode [225]. So it is believed that both the
decreased grain size and the nickel rich surface layer after ball-milling control the
increase in the discharge potential.

6.3.3 Rate dischargeability

Fig. 6.7 illustrates the rate dischargeability, i.e., the dependence of discharge capacit
on the discharge current density for the ball-miHed and un-ball-milled

Zro.5Ti0.5(V025Mn015Ni06)2 alloy at 25°C. The result reveals that the ball-milled alloy has a

better rate dischargeability, and the alloy ball-milled for 4 h shows the highest dischar
capacity at a discharge current density of 300 mA/g. The hydriding/dehydriding

reactions of the electrode/electrolyte interface involve a charge-transfer step (Eq. 6.1)
followed by a hydrogen diffusion process (Eq. 6.2) [143]:
Charge

H,0 + M (surface) + e'«MH (ad., surface) + OH" Eq. 6.1
Discharge

MH (ad., surface) + M (bulk) & MH (ab., bulk) + M (surface) Eq. 6.2

The charge transfer step is the same as that for electrolytic hydrogen evolution. The
main difference between the hydriding and hydrogen evolution reactions is the second
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step: in the case of the hydriding reaction, the adsorbed hydrogen is transferred from the

surface to the sites in the host lattice just below the surface, which is then followed by
diffusion into the bulk alloy. In the case of the hydrogen evolution reaction, the
discharge step is followed by the recombination or electrochemical desorption step to
form molecular hydrogen. At low discharge current density, the charge-transfer process
is the dominant electrode reaction, whereas at high discharge current density, hydrogen
diffusion within the bulk alloy is the rate-determining step. Because the ball-milled
alloy has a larger interface and a nickel rich layer, it catalyzes the kinetics of the
electrode reaction. Hence, the ball-milled alloy electrode has an advantage at high
discharge current density. It is noted that the ball-milling improves the rate

dischargeability: the longer the ball-milling time, the higher is the discharge capacity o
the electrode at high discharge current density. This is probably because the ball-miHing
produces a large amount of specific surface area which can promote the electrode
reaction.
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6.3.4 Cycle life
The cycle life plots of electrodes made of Zr05Ti05(V025Mn015Ni0 6)2 after various times of
ball-milling are shown in Fig. 6.8. In contrast to the un-ball-milled alloy, for which

capacity is very stable upon electrochemical cycling, the cycling stability is decrease
for ball-milled alloys. The decrease in cycle life of the alloy after ball-milling is

attributed to the fact that the ball-milled alloy has a much larger specific surface ar
The larger the electrode specific surface area, the higher is the amount of oxide

produced on the alloy particles during the charge/discharge cycles in alkaline electrol
[192]. Thus, the cycling stability is decreased with long time ball-milling.
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6.4 Electrochemical analysis
6.4.1 Exchange current density
The properties of Zr-based Laves phase alloy electrodes such as rate-dischargeability
and discharge efficiency are strongly dependent on the surface reaction kinetics of

hydrogen absorption/desorption in the electrolyte. Also the surface reaction kinetics are
mainly controlled by the exchange current density (/0, mA/g). The exchange current
densities of the ball-milled alloy electrodes are shown in Fig. 6.9 as a function of the
ball-milling time (fBM). The value of i0 for each electrode (10% depth of charge) at the
20th and the 200th cycle increased with increasing fBM value and passed through a
maximum at fBM = 4. This observation is very similar to that of the electrode activation

and the rate dischargeability. Furthermore, the two curves show that the ball-milling has
a unfavorable influence on the exchange current density after 200 charge-discharge
cycles: a decrease of 39 mA/g was measured for un-ball-milled alloy electrode from the
20th cycle to the 200th cycle; whereas a large decrease with 57 mA/g was found for the
ball-milled (8 h) alloy electrode after the same charge-discharge cycles. This result
illustrates that the longer the value of fBM, the faster is the decrease of the exchange
current density during electrode cycling.

The exchange current densities measured at different depths of charge (DoC) for the
ball-milled alloy electrodes in the 20th cycle are shown in Fig. 6.10, where the charge
depth is defined as the ratio of the charging quantity of electricity to the maximum
discharge capacity and is simply controlled by the charging time. The exchange current
density increased markedly with increasing charge depth in a region of hydrogen-poor
a-phase. Such an a-phase is formed when a small amount of hydrogen atoms dissolve
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in the alloys as a solid solution and occupy interstitial sites in the lattice. Further
increase in hydrogen concentration leads to the formation of a second phase, which is
denoted as the (3-phase. The plateau values of exchange current density were confirmed

to achieve the highest at /BM = 4 h. Such a result shows that there is a critial range for
particle size to improve the electrode kinetics. The increase in DoC after 100% resulted
in a fast decrease in the value of i0 because the P-phase was nearly saturated.
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6.4.2 Impedance analysis
Fig. 6.11 shows the impedance spectra of the ball-milled Zr05Ti05(V025Mn015Ni06)2 at
1 0 % and 1 0 0 % depth of discharge (DoD). The smaller semicircle in the high frequency
region is barely changed, but the semicircle in the low frequency region is changed
markedly with D o D . Therefore, the rate-determining step for the electrode reaction is
controlled by the charge-transfer resistance for the hydrogenation reaction in alkaline
solution.
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Fig. 6.11. Cole-Cole plots at (a) 1 0 % and (b) 1 0 0 % depth of discharge for
Zr o s Ti 0 5 (V 0 2 5 Mn 0 1 5 Ni 0 6 ) 2 ball-milled at various times at the 20th cycle.
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The D o D dependence of the charge-transfer resistance for two electrodes is shown in
Fig. 6.12. T h e result indicates that the reaction resistance for hydrogenation decreases
with decreasing the D o D . In addition, the reaction resistance greatly decreases for the
ball-milled alloys, indicating that the catalytic activity of the electrode is obviously
improved after the nickel ball-milling.
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Fig. 6.12. The influence of ball-milling time on the charge-transfer resistance for
Zr 0 5 Ti 0 ^(V O J S Mn 0 1 5 Ni 0 6 ) 2

electrodes at 1 0 % a n d 1 0 0 % depth of

discharge.

Because the alloy is ball-milled with Ni, it can be assumed that the conductance of the
solid phase is very good. Under the same experimental conditions, long-time ballmilling can result in a larger active surface area, which results in better electrode
performance as shown by higher exchange current density and lower reaction resistance
during the early charge-discharge cycles. O n the other hand, the alloy electrode with
larger specific surface area is more easily oxidized as longer charge-discharge cycles

CHAPTER SIX
PROPERTIES OF Zr05Ti05(V025Mn015Ni0 6 ) 2 ALLOY BALL-MILLED

141

6.5 Conclusions
Ball-milling the as-cast Zr0 5Ti0 5(V0^Mn- 15Ni0 6)2 alloy with nickel powder can result in
the dispersion of nickel into the alloy and the formation of a superstoichiometric C14
Laves phase with increased amount of microstrains. There is also a large interface, an
oxygen depleted and a nickel-rich layer on the alloy surface after ball-milling. When
the ball-milled alloy is used in a metal hydride electrode, it shows a prominent
acceleration of the electrode activation, a higher discharge plateau potential and a better
rate dischargeability owing to the increase in the electrocatalytic activity for the
hydrogenation reaction of the alloy in alkaline electrolyte. At the same time, a faster
decrease in cycle life is also observed for the alloys after prolonged ball-milling due to
the easier oxidation of the increased specific surface area. Taking into account the
comprehensive surface and electrode properties, it can be concluded that
Zr0.5Ti0.5(V0.25Mn0.15Ni0.6)2 alloy ball-milled with nickel powder for 4 h can be
considered as an optimum, not only in terms of discharge capacity and electrocatalytic
activity but also in terms of cycling stability.
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CHAPTER 7.
Mg2Ni-BASED ALLOYS FOR METAL HYDRIDE
ELECTRODES
7.1 Introduction

Mg-based alloys are promising hydrogen storage materials because of their low material
cost and high hydrogen storage capacity [227]. In general, high temperature and high
pressure are required for the conventional alloy M g 2 N i to absorb and desorb hydrogen
reversibly [228,229]. Recently, amorphous or nanocrystalline Mg-based alloys have
attracted considerable attention because these materials prepared by mechanical alloying
or grinding using a ball-milling technique exhibit improved hydriding and dehydriding
properties over the crystalline Mg-based alloys [230,231]. K o h n o et al. [122,188]
reported that by mechanical grinding ( M G ) of M g 2 N i with Ni powder, a discharge
capacity of 750 m A h / g had been achieved. Iwakura et al. [121,189] have also reported
the enhanced electrochemical characteristics of a nanocrystalline M g 2 N i and a
homogeneous amorphous alloy prepared by ball-milling of M g 2 N i without or with nickel
powder, and the latter exhibited a m a x i m u m discharge capacity of 1082 mAh/g (Mg 2 Ni)
at room temperature. The improvements in the performance of M g 2 N i alloy are mainly
caused by the appearance of a nanocrystalline or amorphous structure. Although such a
high discharge capacity had been reached, it is noted that the capacity decay in chargedischarge cycling is still very fast because of the oxidation of the alloy [12,232]. For
example, the discharge capacity of the M G - M g 2 N i during the cycle test decreased to 250
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mAh/g at the 20th cycle [122], only remaining one-third of the initial capacity (750

mAh/g). Therefore, it is obvious that this makes it difficult for these alloys to be us
practically as the active materials of metal hydride (MH) electrodes.

In the present work, the hydriding/dehydriding and electrochemical characteristics of
crystalline Mg2Ni were compared with those of a homogeneous amorphous alloy
structure prepared by ball-milling. The effects of element substitution of Mg2Ni and
chemical coating with nickel on the alloy properties were also investigated.

7.2 Crystalline Mg2Ni-based alloys
7.2.1 Crystalline Mg2Ni alloy
Physical properties
The XRD spectra of pure Ni, pure Mg and the Mg2Ni alloy are shown in Fig. 7.1, from
which it can be seen that no spectra for pure Mg and Ni are observed for the prepared
alloy. It is known that Mg forms two intermetallic compounds with Ni, Mg2Ni and
MgNi2 [119]. Because the latter does not react with hydrogen at temperatures up to
350°C and hydrogen pressures of 400 psia, the formation of MgNi2 phase should be
prevented during the melting process. The prepared alloy has a single phase which can
o

be indexed to the M g 2 N i hexagonal structure with lattice parameters a = 5.202 A, c =
13.244 A, and the unit cell volume of 310.4 (A)3. This is in agreement with the result
reported by Schefer et al. [233]. The particle size analysis reveals that the average

diameter of the crystalline Mg2Ni alloy powder is 36 Jim with a specific surface area o

0.28 mV-

CHAPTER SEVEN
Mg Ai-B.ASED ALLOYS FOR METAL HYDRIDE ELECTRODES

-r-i—i—i

I ''•'I'''• l

7000 -

i—i—i—i-

CO

Mg,Ni

6000

o

CO

CM loo
-r ^ SrSCO -,

co
5000 -

~ir f

<J_

r

CM

CO
O IO

r^

iLLJ

c
3 4000
O

O
:_-

i

144

o
o

3000

co
c

Ni

CM

o
"-- 2000
1000

11

Mg

1

15

20

25

CM

30

35

o
•

•

•

-I

l__l_

40

45

I

50

I

I

I

_.

55

2-Theta (Degrees)

Fig. 7.1. The X R D patterns of pure M g , pure Ni, and the M g 2 N i prepared by
induction melting.

Charge-discharge
Fig. 7.2 shows the galvanostatic charge-discharge curves at 25°C for Mg2Ni alloy

electrode during the first cycle. The charge-discharge capacities were very low f

Mg2Ni, for example, a discharge capacity of 55 mAh/g was measured at the discharge

current density of 50 mA/g. The evolution of large amounts of gas bubbles was also
observed from the surface of the electrode during the charge process, indicating

electrode had a rather low charging efficiency due to the side reaction as follows

H 2 0 + e_ -> V_ H 2 + OH

Eq.7.1
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Fig. 7.2. Charge-discharge curves of Mg2Ni alloy electrode in the first cycle.

As calculated before, the theoretical capacity of Mg2Ni is around 1000 mAh/g, however,

only 55 mAh/g was detected in the above experiment. Therefore, it is very difficult fo

the Mg2Ni alloy with the crystalline structure to be charged and discharged reversibly

an alkaline electrolyte at room temperature. This is different from the charge/dischar
behaviour of the AB5 or AB2 hydrogen storage alloys and might be due to the poor
reaction kinetics under these conditions.

7.2.2 Element substitution

Substitution is one of the most widely used methods to control or improve the hydridin
dehydriding characteristics of hydrogen storage alloys. The paradigm intermetallic
compound of the A2B class of alloys is Mg2Ni. Several studies were done to clarify the
effects of substitution for either Mg or Ni in Mg2Ni by other elements such as Ca, Al
[234], Cu [235], and Mn [236]. However, these substitutions focus on their effects on

the hydrogen absorption and desorption through gas-solid reaction. In the present work
as an effort to develop Mg2Ni-based alloys which can be used in MH electrodes, the
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effects of M g partial substitution from M g 2 N i with Ti or Ce, and Ni partial replacement

by Co or Mn on the alloy properties were studied. It is pointed out that the reason

the elements Ti, Ce, Mn and Co were selected are: (1) Ti: good hydrogen storage and
passive oxides (Ti02); (2) Ce: good hydrogen storage and a protective surface film
(Ce02); (3) Mn: destabilises AH and a catalyst for hydrogen oxidation; (4) Co:

destabilises AH, resistant to oxidation, a catalyst for hydrogen oxidation and redu
volume expansion which is observed in AB5 system alloy [113].

Phase composition

XRD analysis was carried out on all samples in order to investigate the effect of e
substitution on the structure of the alloys and shown in Fig. 7.3. The Mg2Ni-phase

hexagonal structure was found in all the element substituted alloys. Additional pea
marked with arrows might be indexed to other phases such as Ti2Ni in Mgi.gTio.2Ni,
CeMgJ2 and Ni in Mgi.gCeo.2Ni.
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Fig. 7.3. Comparison of X R D patterns for M g 2 N i , M g L 8 M o . 2 N i ( M = Ti, Ce) and
Mg2Nio.8N(N = Mn,Co).
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Table 7.1 summarises the lattice parameters and unit cell volumes of Mg2Ni,
Mg1.sM0.2Ni (M = Ti, Ce) and Mg2Ni0.gN (N = Mn, Co). The increase of the unit cell

volume for the substituted alloys is attributed to the larger atomic radii of the s
elements (/-sub.) compared to that of the host element (R_osd, namely RTl (or RCe)
and/?Mn(or/?Co)>i-Ni[237].

Table 7.1. Lattice parameters and unit cell volume of Mg2Ni, Mg1.gM0.2Ni (M = Ti,
Ce) and Mg2Ni0.8N (N = Mn, Co).

Alloy

fl(A)

c(A)

V(k3)

Mg 2 Ni

5.202

13.244

310.4

Mg1.gTio.2Ni

5.216

13.294

313.2

Mg1.gCeo.2Ni

5.224

13.312

314.6

Mg 2 Ni 0 .8Mn 0 . 2

5.214

13.286

312.8

Mg2Ni0.8Coo.2

5.208

13.276

311.8

The effect of substitution on the desorption pressure in P-C-T curves
The P-C-T curves at 250°C were measured to investigate the effect of substitution

hydrogenation properties. Fig. 7.4 shows the P-C-T curves of the equilibrium pressu

tested at 250°C during desorption. It seems that the partial substitution has littl

the desorption capacity but changes the plateau pressure to some extent. The measur

hydrogen desorption capacities for these alloys are in good agreement with the dat

Mg2NiH4 previously reported by Reilly and Wiswall [119]. The substitution of Ti or Ce
for Mg led to an increase in the-desorption equilibrium pressure. In the case of Mn
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substitution, the desorption equilibrium pressure remained almost the same as that of
Mg2Ni, while the substitution of Co for Ni led to a decrease in it.
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Fig. 7A. P-C-T curves during desorption for Mg 2 Ni, Mgi.gM0.2Ni ( M = Ti, Ce) and
Mg2Ni0.gN0.2 (N = Mn, Co) at 250°C.

Fig. 7.5 shows the relationship between the plateau pressure and the unit cell volume of
the partial substituted Mg-based alloys. The plateau pressure is defined as the

equilibrium pressure at the centre of the desorption plateau. Generally, it is report

the plateau pressure has a linear relationship against the unit cell volume of the al
which is found in the AB5 and AB2 hydrogen storage alloys [157,238]. For the

substituted Mg-based alloys, the plateau pressure changes with the increase of the un

cell volume, but not with a linear relationship. This result illustrates that the pla
pressure is still sensitive to the unit cell volume for the Mg-based alloys studied,

suggesting that the bonding condition of hydrogen in these alloys differs from that i
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pure Mg2Ni. As a result, the element substituted Mg-based alloys will show better
kinetic properties for hydrogen absorption-desorption.
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Co).

The effect of substitution on discharge capacity

The effects of partial substitutions of Mg and Ni in Mg2Ni on the electrode capacitie

summarised in Table 7.2. The results show that the discharge capacity of each electro

is increased by the element substitution, in particular the capacity is increased mor

obviously by the addition of Ce or Mn. At the same time, the cycle life is also impro

by the partial substitutions of Mg by Ti and Ni by Co. The increase of discharge capa

is believed to be due to changes in the interaction between the hydrogen and the meta
atom caused by the substitutions. The improvement of cycle life might be due to the
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protection of the second phase (Ti2Ni) in Mg1.gTio.2Ni and the possible reduced volume
expansion by the addition of Co for Mg2Nio.9Coo.2 during hydrogen
absorption/desorption.

Table 7.2. Discharge capacity and cycle life of the Mg-based alloy electrodes at
25°C (Charge and discharge at 50 mA/g).
••

_ >', - •

Alloy
Mg2Ni
Mgi.9Ti0.iNi
Mg1.gTio.2Ni
Mgi.9Ce0.iNi
Mg1.gCeo.2Ni
Mg2Nio.9Mno.i
Mg2Nio.gMn0.2
Mg2Ni0.9Co0.i
Mg2Nio.gCoo.2

T h e highest
Capacity (mAh/g)

Cycle life
(to zero capacity)

55
66
68
87
82
86
90
76
70

7
14
15
10
9
8
7
14
16

Corrosion behaviour
The potentiodynamic polarisation curves of the element substituted Mg-based alloy

ingots are illustrated in Fig. 7.6. A typical MH electrode operates in the potentia

of -0.6 to -1.0 V vs. Hg/HgO electrode. Within the potential range of -0.75 to -0.8
all alloys exhibit a direct passive behaviour. Table 7.3 summarises the corrosion
potential (E,otT) and corrosion current (/corr) of each alloy. It can be seen that

substitution has a great influence on the the corrosion potential and corrosion cur

The change of the corrosion potential and corrosion current by element substitution
be attributed to the difference of electronegativity between the host elements (Mg
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Ni) and the added elements [239]. The electronegativity of these elements is in the order
of: Ni (1.91) * Co (1.89) > Mn (1.55)« Ti (1.54) > Mg (1.31) > Ce (1.12).
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Fig. 7.6. Potentiodynamic polarisation curves of M g 2 M , Mg1.gM0.2Ni ( M = Ti, Ce)
and Mg2Ni0.8N0.2 (N = Mn, Co) alloy ingots.

Table 7.3. Corrosion potential (J-'corr) and corrosion current (/COrr) of Mg-base
alloys.

Alloy
Mg2Ni
Mgi.gTi0.2Ni
Mgi.gCe0.2Ni
Mg2Nio.gMno.2
Mg2Ni0.gCo0.2

Wtorr (V VS. H g ^ g O )
-0.795
-0.766
-0.812
-0.802
-0.790

/corrdrlAcm'O

12
5
20
14
8

The corrosion potential and corrosion current of the Ce-containing alloy, are the highest

among the alloys because of the smallest electronegativity of Ce. In the case of T
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containing alloy, both the corrosion potential and corrosion current are much lower than
that of Mg2Ni or Mg0 gCe0 2Ni due to a larger electronegativity of Ti. Because Co has a
similar value of electronegativity to Ni, almost the same corrosion potential and
corrosion current as that of Mg2Ni are measured. Therefore, the difference of
electronegativity between these elements can easily explain why the Ce or Mn
substituted alloy has a similar cycle life to Mg2Ni because of the higher corrosion

current. In the case of Ti or Co substituted alloy, the cycle life is improved because o
decreased corrosion current.

7.3 Amorphous Mg2Ni-based alloys
In the past several years, hydrogen storage alloys with amorphous structure have

attracted considerable attention as electrode materials because of their higher resistan
against pulverisation and higher corrosion resistance against alkaline solutions. Sapru
al. [240] reported that a highly disordered Mg52Ni48 alloy prepared by sputtering had a
discharge capacity over 500 mAh/g at the discharge current density of 50 mA/g. Recent
efforts [12,122,189,232] have shown that Mg-based alloys prepared by mechanical
alloying or grinding offer a new possibility for the application in Ni-MH batteries. In
present work, four kinds of ball-milling conditions have been employed to investigate
their effects on the Mg-based alloy properties. These methods are: (1) ball-milling the
alloy in Ar atmosphere (BM-Ar-alloy); (2) ball-milling the alloy with Co powder (10
wt.%) in Ar (BM-Co-alloy); (3) ball-milling the alloy with Ni powder (10 wt.%) in Ar
(BM-Ni-alloy); and (4) ball-milling the alloy in hydrogen atmosphere (BM-H-alloy).
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7.3.1 Influence of ball-milling on the crystal structure
The Mg2Ni alloy powders ball-milled in the above four conditions were analysed by

XRD, as shown in Fig. 7.7. It is interesting that the X-ray patterns of the alloy p
after each kind of ball-milling have all been changed. For BM-Ar-Mg2Ni and BM-H-

Mg2Ni, the characteristic peaks of the Mg2Ni alloy phase decreased in intensity and

broadened, indicating that there was a phase transformation from polycrystalline to
amorphous or nanocrystalline state. For BM-Co-Mg2Ni and BM-Ni-Mg2Ni, a more
broadened peak was detected, and no peaks identified as metallic Co or Ni were

observed. Similar results were also found by Iwakura et al. [189]. This illustrates
degree of dispersion of cobalt or nickel in the alloy and might also indicate a
nonstoichiometric structure.
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Fig. 7.7. X R D patterns for Mg 2 Ni, BM-Ar-Mg 2 Ni, BM-Co-Mg 2 Ni, BM-Ni-Mg 2 Ni,
and BM-H-Mg2Ni.
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TEM images for Mg2Ni alloys before and after ball-milling are given in Fig. 7.8. In the

case of un-ball-milled alloy, the relatively marked features coming from the multicrysta

demonstrates that large crystal particles remain in the alloy. On the other hand, for any
kind of ball-milled alloy, the halo patterns reveal the strong incoherent scattering of
beam electrons in the amorphous-like state of Mg2Ni after ball-milling, and the

diffraction rings show that some nanocrystalline grains coexist with the amorphous. It i
noted that the rings in Fig. 7.8(c) and (d) are more broadened compared with those in

Fig. 7.8(b) and (e). This is attributed to the smaller size of the crystal grains in (c

This strongly illustrates that the additions of Ni or Co powder in the ball-milling pro
can result in a more homogeneous amorphous structure.

It is pointed out that these studies of ball-milling depend strongly on the applied mil
parameters. Under a low mass ratio of balls to powder

(/?B/P)

the formation of the alloy

with amorphous structure was relatively slow. For example, ball-milling with ball-topowder ratio /?B/P = 0.5 gives only a very small amount of amorphous phase after 20 h of
ball-milling. The more effective conditions for the formation of amorphous phase using
the planetary mill were: R_/P = 4, milling time = 40 h, and the rotation speed = 160
rev/min.
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Fig. 7.8. Electron diffraction patterns for: (a) Mg 2 Ni; (b) BM-Ar-Mg 2 Ni; (c) B M Co-Mg 2 Ni; (d) BM-Ni-Mg 2 Ni; and (e) B M - H - M g 2 N i .

7.3.2 Influence of ball-milling on the surf ace properties

The comparative effects of ball-milling on the particle size distributions and speci

surface areas of the Magnesium-based alloys are summarised in Table 7.4. It can be s
that the ball-milling results in not only a great reduction in the particle size of

powder, but also a large increase of the specific surface area. The ball-milling acti
by means of prolonged time of collision between the balls and the alloy particles.
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Subsequently, the alloy particles are fractured and interdiffusion takes place resulting in

a large increase of the specific surface area. The surface layer of the ball-milled all
strongly disordered [241,242], which is responsible for the "transparency" to hydrogen.

It is thought that the ball-milled mixtures contain many defects such as dislocations a
grain boundaries which are formed mainly during the ball-milling process. These defects

may trap hydrogen during the diffusion process. The energy level of these sites might be

lower than that of the normal sites of the lattice. As a result, the alloys after ballwill convey obvious advantages for hydrogen absorption/desorption (charge/discharge).

Table 7.4. Particle size distribution (PSD) and specific surface area (SSA) for
M g 2 N i , Mgx.gM0.2Ni ( M = Ti, C e ) and Mg 2 Ni 0 .gN 0 .2 (N = M n , C o ) before
and after ball-milling.
Alloy samples
Mg2Ni
BM-Ar-Mg 2 Ni
BM-Co-Mg2Ni
BM-Ni-Mg 2 Ni
BM-H-Mg2Ni
Mg1.gTio.2Ni
BM-Ar-Mgj.gTi0.2Ni
BM-Co-Mgi.8Ti0.2Ni
BM-Ni-Mg L8 Tio.2Ni
BM-H-Mg,.gTi0.2Ni
Mgi.gCeo.2Ni
BM-Ar-Mgi.gCe0.2Ni
BM-Co-Mgi. 8 Ce 0 . 2 Ni
BM-Ni-Mgj.gCe0.2Ni
BM-H-Mg1.gCeo.2Ni
Mg2Nio.gMno.2
BM-Ar-Mg2Ni0.gMno.2
BM-Co-Mg 2 Nio.gMn 0 .2
BM-Ni-Mg 2 Ni 0 .gMn 0 .2
BM-H-Mg 2 Nio.gMn 0 .2
Mg2Nio.gCoo.2
BM-Ar-Mg2Ni0.gCoo.2
BM-Co-Mg2Ni0.gCoo.2
BM-Ni-Mg2Ni0.gCo0.2
BM-H-Mg 2 Ni 0 .gCo 0 .2

P S D (mm)
36-46
0.11-1.5
0.08-1.5
0.07-1.5
0.09-1.4
35-45
0.12-2.2
0.10-1.5
0.08-1.5
0.14-1.4
35-47
0.10-1.5
0.08-1.4
0.06-1.4
0.08-1.5
34-48
0.10-1.4
0.08-1.3
0.08-1.2
0.08-1.3
34-47
0.11-1.6
0.10-1.5
0.08-1.5
0.11-1.6

SSAOnV1)
0.26
12.8
15.6
15.4
13.6
0.31
11.5
13.9
14.2
12.6
0.28
12.6
13.9
14.6
13.5
0.22
13.2
14.7
14.9
14.1
0.26
13.6
14.8
15.1
14.4
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7.3.3 Hydrogen absorption
Fig. 7.9 shows the P-C-T curves for hydrogen absorption of the as-ball-milled
amorphous Mg2Ni powders at 250°C, as compared with that of crystalline Mg2Ni. It is
found that a higher plateau pressure is achieved for any kind of the ball-milled
amorphous Mg2Ni than for that of the crystalline Mg2Ni. This result reveals that the
plateau pressure for hydrogen absorption can be increased through the ball-milling
technique owing to the changed structure and surface properties. As a result, the

temperature range of hydrogen absorption for the amorphous alloys can be effectivel

shifted to lower temperatures. This might be the reason why the ball-milling techniq
recently offers an alternative for developing Mg-based alloy electrodes at room
temperature.
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Fig. 7.9. T h e comparison of P-C-T curves for hydrogen absorption between the
crystalline Mg2Ni and the ball-milled amorphous Mg2Ni powders.
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Mg2Ni

Charge-discharge capacities
Discharge curves were obtained for the Mg2Ni, BM-Ar-Mg2Ni, BM-Co-Mg2Ni, BM-NiMg2Ni and BM-H-Mg2Ni electrodes in 6 M KOH solution at 25°C and at a current
density of 50 mA/g. The results after the first cycle are shown in Fig. 7.10, which
illustrates that the discharge performance of the Mg2Ni alloy electrode is greatly
improved by the ball-milling. As mentioned, no discharge plateau was detected for the
crystalline Mg2Ni electrode. However a plateau of discharge potential was observed at
about -0.84 V vs. Hg/HgO electrode for any of the ball-milled alloy electrodes.
Discharge capacities for Mg2Ni, BM-Ar-Mg2Ni BM-Co-Mg2Ni BM-Ni-Mg2Ni and BMH-Mg2Ni electrodes were 55, 420, 675, 680, and 610 mAh/g, respectively. These results
show that the ball-milling technique is a very effective method of increasing the
discharge capacity of the alloy electrode because of the changed amorphous structure
a much lower activation energy for hydrogen absorption (charging).
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Fig. 7.10.

Discharge curves of Mg 2 Ni, B M - A r - M g 2 N i , B M - C o - M g 2 N i , B M - N i M g 2 N i and B M - H - M g 2 N i electrodes at thefirstcycle (25°C, 50 m A / g for
discharge to -0.74 V vs. H g / H g O ) .
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Capacity at different discharge current densities
Table 7.5 gives the dependence of discharge capacities on the discharge current densities
for Mg2Ni, BM-Ar-Mg2Ni, BM-Co-Mg2Ni, BM-Ni-Mg2Ni and BM-H-Mg2Ni

electrodes. As seen from Table 7.5, the discharge performance of the electrodes

discharge current density of 200 mA/g was improved by the ball-milling. The rat

discharge capacity at 200 mA/g (Ci2oo) to that at 50 mA/g (Cso), Caoo/Ciso, is in
of: BM-Co-Mg2Ni > BM-Ni-Mg2Ni > BM-H-Mg2Ni > BM-Ar-Mg2Ni > Mg2Ni. This

indicates that there are more active sites on the surface of samples ball-mille
and Ni powders.

Table 7.5. Relationship between the ratio of discharge capacity at 200 mA/g (Ci2oo)
to that at 50 mA/g (Ci5o) for the crystalline and amorphous Mg2Ni
electrodes.

Ci2oo (mAh/g)

Alloy

Ciso (mAh/g)

Mg2Ni

55

0

0

BM-Ar-Mg 2 Ni

420

64

15.2

BM-Co-Mg 2 Ni

675

210

31.1

BM-Ni-Mg 2 Ni

680

218

32.1

BM-H-Mg 2 Ni

610

145

23.8

Ci20o/Ci5o(%)

Cycle life
The cycle life of the Mg2Ni, BM-Ar-Mg2Ni, BM-Co-Mg2Ni, BM-Ni-Mg2Ni and BM-H-

Mg2Ni electrodes is illustrated in Fig. 7.11 by plotting the discharge capacit

charge-discharge cycles. All electrodes reveal their maximum capacities at the

cycle. This is quite different from that of the AB5 or AB2 hydrogen storage all
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usually need several cycles to be fully activated. It also can be seen that the B M - C o Mg2Ni and BM-Ni-Mg2Ni exhibited a longer cycle life than the others. The cycle

numbers at which the discharge capacity decreases to half of the maximum capacity
2 for Mg2Ni, 11 for BM-Ar-Mg2Ni, 18 for BM-Co-Mg2Ni, 17 for BM-Ni-Mg2Ni, and 14

for BM-H-Mg2Ni. This indicates that different ball-milling methods cause the decre
in discharge capacity to different extents.
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Fig. 7.11. T h e discharge capacity vs. cycle numbers for M g 2 N i , BM-Ar-Mg 2 Ni,
B M - C o - M g 2 N i , BM-Ni-Mg 2 Ni and B M - H - M g 2 N i electrodes (Charge: 50
mA/g for 1 0 0 % depth; Discharge: 50 mA/g to -0.74 V vs. Hg/HgO;
Temperature: 25°C).

To investigate the reasons for the capacity decay of the electrodes, X R D analysis was

carried out and the patterns are shown in Fig.7.12. For comparison, the same BM-Ar

Mg2Ni alloy powder was immersed in 6 M KOH solution for 10 days. It can be seen th
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the characteristic peaks of M g ( O H ) 2 were detected in each sample. Therefore it is
believed that the oxidation of M g in M g 2 N i is responsible for the capacity decay of the
alloy electrode. The formation of M g O in B M - A r - M g 2 N i which was immersed in 6 M
K O H for 10 days, illustrates that the oxidation of M g in M g 2 N i can not be avoided
because of its more active reaction in the alkaline electrolyte. However, the peak
intensity of M g O is much stronger in any electrode compared with that in BM-Ar-Mg?Ni
powder immersed in the alkaline electrolyte. This indicates that serious oxidation of the
electrode material also occurs because of the continuous degradation which is due to the
disintegration during the repeated charging and discharging processes.
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Fig. 7.12. X R D patterns for M g 2 N i alloy immersed for 10 days in 6 M K O H solution
and electrodes of M g 2 N i , B M - A r - M g 2 N i , B M - C o - M g 2 N i , BM-Ni-Mg 2 Ni,
B M - H - M g 2 N i . T h e Ni peaks appeared are due to the nickel powders
added in the electrode preparation.
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(M = Ti, Ce) and

Mg2Ni0.8N0.2 (N = Mn, Co)
The effects of the ball-milling on the electrode properties of Mg0.8Tio.2Ni, Mg0.sCe0.2Ni,
Mg2Ni0.8Mn0.2, and Mg2Ni0.8Co0.2 are listed in Table 7.6. Compared with the data listed

in Table 7.2, it can be concluded that: (1) the discharge capacities of the substituted M

based alloy electrodes are greatly increased by the ball-milling; (2) the capacity of ea
alloy ball-milled with cobalt or nickel powder is higher than that of the alloy in the
absence of cobalt or nickel powder; (3) the highest capacity (756 mAh/g) is achieved for
BM-Ni-Mg2Ni0.8Mn0.2, and it seems that the Ni substitution can result in a higher

capacity than the Mg substitution; (4) the cycle life of the electrode is increased after

ball-milling with the addition of cobalt or nickel powder; and (5) the partial substitut
of Mg by Ti is very effective in depressing the capacity decay of the electrode.

Table 7.6. T h e m a x i m u m capacity (Cmax.)> the cycle n u m b e r to half C___. a n d the
capacity decay per cycle for the ball-milled Mg-based alloy electrodes.
7*:Cmax. •: 7

Alloy
BM-Ar-Mgi.8Tio.2Ni
BM-Co-MgL8Ti0.2Ni
BM-Ni-Mgi.8Ti0.2Ni
BM-H-Mgi.8Ti0.2Ni
BM-Ar-Mg1.gCeo.2Ni
BM-Co-Mg!.8Ce0.2Ni
BM-Ni-MgL8Ce0.2Ni
BM-H-Mgi.8Ceo.2Ni
BM-Ar-Mg2Nio.8Mn0.2
BM-Co-Mg2Ni0.8Mno.2
BM-Ni-Mg2Nio.8Mno.2
BM-H-Mg2Ni0.8Mno.2
BM-Ar-Mg2Ni0.8Coo.2
BM-Co-Mg2Ni0.8Co0.2
BM-Ni-Mg2Nio.8Coo.2
BM-H-Mg2Nio.8Coo.2

(mAh/g)
409
685
678
440
414
662
658
435
580
750
756
640
470
710
714
610

Cycles to

hMCn^^o.}
10
19
20
12
8
14
14
8
11
17
16
13
11
17
18
15

Capacity decay
per cycle (mAh/g)
22.8
19.1
17.8
20.0
29.6
25.5
25.3
31.1
29.0
23.4
25.2
26.7
23.5
22.1
21.0
21.8
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W h e n the discharge capacity of BM-Ar-Mgo.8Tio.2Ni, BM-Ar-Mg0.8Ceo.2Ni, B M - A r Mg2Ni0.8Mn0.2, and BM-Ar-Mg2Nio.8Co0.2 electrodes decreased to half of the maximum

value, a sample of the active material of each electrode was taken for XRD analysis

shown in Fig. 7.13. The characteristic peak of Mg(OH)2 is formed in each alloy and t
intensity is in the order of:

-,(BM-Ar-Mg2Ni0.8Mn0.2) > -'(BM-Ar-Mgl.8Ce0.2Ni) > -'(BM-Ar-Mg2Ni0.8Co0.2) > -\BM-Ar-Mgl.8Ti0.2Ni)

Also the peaks of Ti02 and Ce02 are detected in the BM-Ar-Mg1.sTio.2Ni and BM-Ar-

Mg1.8Ceo.2Ni, respectively. It is thought that the formation of these oxides, which
more impervious and stable, could prevent the alloy to be oxidised to some extent,

then result in a lower capacity decay which is observed in Table 7.6. Therefore, it

concluded that the cycle life can be improved through substitution of Mg by Ti or C
to the effective protection of Ti02 or Ce02 formed during the charge-discharge
processes.
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X R D patterns for argon

ball-milled

Mg2Ni0.8Mn0.2 and Mg2Ni0.8Co0.2 electrodes.
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7.4 Non-stoichiometric Mg2Ni alloys

It was reported that the discharge capacity and cycle life of rare-earth nickel ba

were improved by causing the stiochiometric ratio of the alloy to deviate [139,187,
So it seems that further characterisation of non-stoichiometric Mg-based alloys is
essential for improving the performance of the alloy electrodes. Fig. 7.14 shows the

XRD patterns for Mg2Nix (JC = 0.90, 0.95, 1.0, 1.05, 1.1). In the case of x < 0.95, th
Mg2Ni-phase and a small amount of the Mg-phase were found due to the excessive Mg
in the alloy; while in the case of x = 1.1, in addition to Mg2Ni phase, MgNi2 and Ni
phases were observed. The pure Mg2Ni phase was examined only when x = 1.0 and 1.05.

Therefore, these results reveal that it is very difficult to get non-stoichiometric
alloy with the Mg2Ni phase. This observation is also different from the AB5 and AB2
hydrogen storage alloys, which normally can show a wide range of non-stoichiometric
composition.
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Fig. 7.14. X R D patterns for M g 2 N i x (x = 0.90, 0.95,1.0,1.05,1.1).
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7.15 shows the discharge capacities of ball-milled amorphous M g 2 N i x (x = 0.90,

0.95, 1.0, 1.05, 1.1) in argon atmosphere as a function of cycle number. Inspection o

individual plots illustrates the following general behaviour. In the first cycle, eac

electrode reaches its maximum capacity, which depends on the value of x in Mg2Nix, and

then a decrease in capacity as a function of the number of cycles is observed. As the

value of x deviates the range of 1.0 to 1.05, the capacity changes, greatly affecting

cycle life. The capacity decay is very fast when x < 0.95 due to the oxidation of Mg.
improvement in cycle life at x value of 1.1 is believed to be due to the protection
provided by Ni in the alloy.
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Discharge capacities at different cycles for argon ball-milled amorphous

Mg2Nix (x = 0.90,0.95,1.0,1.05,1.1).
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7.5 Influence of Ni coating on the electrode properties of
Mg2Ni-based alloy
The chemical coating of hydrogen storage alloys with a thin layer of copper [243] or

nickel [244] was very useful for increasing the cycle life of the hydride electrode. It
because the coated metal film worked as both a barrier for protecting the metal hydride

from oxidation and a microcurrent collector for facilitating electrochemical reactions

the alloy surface. In view of the reactive nature of Mg-based alloy in alkaline electro
nickel was chosen for coating on the surface of BM-Ni-Mg2Nio.8Mno.2 powder. The
effects of the coating on the alloy behaviour have been investigated.

The surface images of the uncoated and nickel-coated BM-Ni-Mg2Nio.8Mno.2 are shown

in Fig. 7.16. The surface of the uncoated alloy was smooth, but that of the nickel-coate
surface was rough and protruding. Energy dispersive spectroscopy (EDS) analysis

confirmed that the surface in Fig. 7.16(b) is pure nickel as expected. The spectra for
Ni-coated alloy are illustrated in Fig. 7.17.

Fig. 7.16. Scanning electron microscopy ( S E M ) images for BM-Ni-Mg 2 Nio. 8 Mn 0 .2.
(a) un-coated; (b) Ni-coated.
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Fig. 7.17. Energy dispersive spectroscopy (EDS) corresponding to microanalysis of
(a) protuberance region and (b) flat region s h o w n in Fig. 16(b).

Fig. 7.18 shows the discharge capacity of negative electrodes consisting of uncoated a
10 w t . % Ni-coated BM-Ni-Mg 2 Nio. 8 Mn 0 . 2 as a function of cycle number. The initial
discharge capacity of the electrode at the first cycle was markedly increased from 756
mAh/g for the uncoated alloy electrode to 780 m A h / g for the Ni-coated alloy electrode.
The capacity decay of the two kinds of electrodes proceeds very fast, but in the case of
the un-coated alloy it is m u c h faster. For example a discharge capacity of 380 mAh/g
was measured for the un-coated alloy electrode at the 20th cycle, which means a capacity
loss of 5 0 % ; while for the Ni-coated alloy electrode, the capacity at the 20th cycle is 560
mAh/g, keeping a capacity retention of 7 2 % corresponding to a capacity loss of 2 8 % .
The increase of discharge capacity of the alloy after Ni-coating is owing to a nickel rich
layer which might catalyse the reaction for hydrogen absorption-desorption. The

CHAPTER SEVEN
M g Ai-BASED A L L O Y S F O R M E T A L H Y D R I D E E L E C T R O D E S

168

improvement of cycle life for the Ni-coated alloy is due to the protection of the

chemically coated nickel layer, but it cannot be completely effective because: (1) th

chemically coated nickel on the alloy surface is not homogeneous; and (2) the alloy i
disintegrated during the repeated charging and discharging process which causes the
alloy to be pulverised, and then the new enlarged surface area to be oxidised.

800
700

-S?
<

600

E,
"^

500

"5
O. 400
CO

o
a>

300

CO

O
200
v>
100

0
0

10

20

30

40

Cycle number

Fig. 7.18. Discharge capacities as a function of charge-discharge cycles for un
coated and 10 wt.% Ni-coated BM-Ni-Mg2Ni0.8Mn0.2 electrodes.

7.6 Electrode kinetics
7.6.1 Cyclic voltammograms (CV)
The crystalline and amorphous M g 2 N i alloy electrodes were selected to investigate the
electrode kinetics of the hydriding/dehydriding reactions. Fig. 7.19 shows cyclic
voltammograms for Mg2Ni, BM-Ar-Mg2Ni, BM-Co-Mg2Ni, BM-Ni-Mg2Ni and BM-H-
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M g 2 N i electrodes obtained at 25°C during the first cycle. During scanning in the

negative direction, the current increased rapidly when the potential decreased below
mV vs. Hg/HgO. This current increase is due to the contribution of the hydrogen

evolution reaction. During the reverse scan, a broad peak in the range of -700 to -65
mV vs. Hg/HgO, which is due to the dehydriding reaction, was observed for these

electrodes. The position (Ep) and the intensity (7P) of this peak can provide informa
on the kinetics of the electrode reaction. The position of the peak reflects the
overpotential for the following reaction:

MH x + xOH'

1

M + xH 2 0 + xe"

4

1
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Eq. 7.2

|

.

r

40

"55
< o
E,
>.
"55

§ -40
•D
+-«

C
CD

BM-H-Mg2Ni

3 -80

O
'

-1100

-1000

•

'

L

-900

-800

-700

-600

-500

Potential (mV vs. Hg/HgO)

Fig. 7.19. Cyclic voltammograms during hydriding/dehydriding for electrodes of
Mg2Ni, BM-Ar-Mg2Ni, BM-Co-Mg2Ni, BM-Ni-Mg2Ni and BM-H-Mg2Ni
(25°C with the scan rate of 2 mV/s).
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The peaks for BM-Co-Mg2Ni (-680 mV) and BM-Ni-Mg2Ni (-690 mV) electrodes are

more negative than those for the others, showing a higher charge-transfer rate confir

early in the present work. In addition, the intensity of the peak for hydrogen oxidati

varies with the different electrodes, and is much more prominent for the Co or Ni ball
milled alloy electrodes. The higher the anodic peak current, the larger the catalytic

activity for hydrogen oxidation of the electrode. Thus, the CV analysis illustrates t
Co or Ni ball-milled alloy is a better catalyst for hydrogen absorption-desorption.
Similarly, Ep and Ip for Ni-ball-milled Mg0.gTi0.2Ni, Mg0.8Ceo.2Ni, Mg2Ni0.8Mn0.2, and

Mg2Nio.8Co0.2 electrodes are listed in Table 7.7, from which it can be seen that the p
substitution of Ni by Mn or Co shows a more negative dehydriding potential and a
higher oxidation current, indicating that the kinetic properties for the dehydriding
reaction are improved effectively.

Table 7.7. The position (E_>) and intensity (7P) of peaks for hydrogen oxidation in
the substituted Mg-based alloy electrodes.

Alloy
EP (mV vs. Hg/HgO)
-676
BM-Ni-Mg1.gTio.2Ni -678
BM-Ni-Mg1.8Ceo.2Ni
-702
BM-Ni-Mg2Ni0.8Mno.2
-698
BM-Ni-Mg2Ni0.8Coo,2

7.6.2 Apparent

exchange

h (mA/g)

22
24
35
33

current density (I0)

The apparent exchange current density (70) for the Mg2Ni, BM-Ar-Mg2Ni, BM-CoMg2Ni, BM-Ni-Mg2Ni and BM-H-Mg2Ni electrodes are listed in Table 7.8, which
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clearly shows that: (1) the value of 70 in the first cycle (at 10% depth of charge)
increased through any kind of ball-milling, in particular 7 0 for the C o or Ni ball-milled
powder is m u c h larger than the value for the other ball-milled powders; (2) the value of
7 0 for each electrode in the 15th cycle (at 1 0 % depth of charge) is decreased compared
with that in the first cycle, but the decrease is by different ratios for each alloy. The
increase in 7o is related to the difference in-the phase structure and surface properties of
the active materials, while the decrease in 7o with cycling is correlated to the oxidation of
the alloy because of the decreased active sites on the material surface.

Table 7.8. The apparent exchange current density at the first [70(1)] and the 15th
[70(15)] cycle for Mg 2 Ni, B M - A r - M g 2 N i , B M - C o - M g 2 N i , BM-Ni-Mg 2 Ni
and B M - H - M g 2 N i electrodes ( 1 0 % depth of charge).

Alloy

7 0 (1) (mA/g)

7 0 (15) (mA/g)

Jo(15)/7 0 (l)(%)

Mg2Ni

55

8*

14.5**

BM-Ar-Mg2Ni

120

34

28.3

BM-Co-Mg2Ni

375

210

56.0

BM-Ni-Mg 2 Ni

380

218

57.4

BM-H-Mg2Ni

127

45

35.4

* 7 0 (5) (mA/g); ** 7 0 (5)/70 (1) (%)

Un-coated and Ni-coated BM-Ni-Mg 2 Ni 0 . 8 Mn 0 .2 were selected to further observe the
effect of Ni-coating on the exchange current density of the alloy electrode. Table 7.9
summarises the results of experiments conducted on these electrodes. For the Ni-coated
BM-Ni-Mg 2 Ni 0 . 8 Mn 0 .2 electrode, the apparent exchange current densities at the first and
the 15th cycle were 392 and 298 mA/g, respectively. This means that the electrode after
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15 charge-discharge cycles still keeps 76% of its initial value. However, for unBM-Ni-Mg2Nio.8Mno.2, the apparent exchange current density decreases considerably

from 148 mA/g at the first cycle to 54 mA/g after the 15th cycle, which is only 3

the initial value. Obviously, the Ni-coating not only increases the apparent exch
current density initially but also retains a high value after repeated cycles.

Table 7.9. The apparent exchange current density (70) at the first and the 15th
cycle for un-coated and Ni-coated BM-Ar-Mg2Ni0.8Mn0.2 (10% DoD).

Alloy

7 0 (1) (mA/g) 7 0 (15) (mA/g)

7o(15)/7o(l)(%)

BM-Ni-Mg 2 Nio. 8 Mn 0 .2
(un-coated)

148

54

36.5

BM-Ni-Mg 2 Nio. 8 Mn 0 .2

392

298

76.0

(Ni-coated)

7.6.3 Electrochemical impedance spectroscopy (EIS)
Fig. 7.20 shows typical impedance diagrams measured for Mg2Ni, BM-Ar-Mg2Ni, BMCo-Mg2Ni, BM-Ni-Mg2Ni and BM-H-Mg2Ni electrodes at the first cycle with 100%
depth of charge. The contact resistance and the charge-transfer resistance are

summarised in Table 7.10. Both the charge-transfer and contact resistances are i
order of Mg2Ni > BM-Ar-Mg2Ni > BM-H-Mg2Ni > BM-Ni-Mg2Ni > BM-Co-Mg2Ni.
The contact and charge-transfer resistances are at their maximum values for the

alloy electrode. This may be the reason why it is difficult to be charged and di

The decrease in contact and charge-transfer resistance for the Co or Ni ball-mil

shows that the process of the ball-milling is not simply a mixture of two metals
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metastable system with high reactivity. The decreased contact and charge-transfer
resistances could reduce the overpotential of the charge/discharge processes and increase
the hydrogen diffusion in the alloy electrodes. A s a result, the discharge capacity is
increased and the high rate discharge capability is improved for the cobalt or nickel ballmilled alloy electrodes.

0.8

Re (Z) (ohem)

Fig. 7.20. Typical impedance diagrams for electrodes of Mg 2 Ni, BM-Ar-Mg 2 Ni,
BM-Co-Mg 2 Ni, BM-Ni-Mg 2 Ni and BM-H-MgzNi at 1 0 0 % depth of
charge in the first cycle.

Table 7.10. Contact resistance (Rcr) and charge-transfer resistance (Rctr) for the
Mg 2 Ni, BM-Ar-Mg 2 Ni, BM-Co-Mg 2 Ni, BM-Ni-Mg 2 Ni and B M - H M g 2 N i electrodes at thefirstcycle with 1 0 0 % depth of charge.

Alloy

jjcrC---)

l-.tr (a)

Mg 2 Ni

0.17

1.06

BM-Ar-Mg 2 Ni

0.09

0.58

BM-Co-Mg 2 Ni

0.05

0.42

BM-Ni-Mg 2 Ni

0.06

0.44

BM-H-Mg2Ni

0.08

0.56
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metastable system with high reactivity. The decreased contact and charge-transfer
resistances could reduce the overpotential of the charge/discharge processes and increase
the hydrogen diffusion in the alloy electrodes. A s a result, the discharge capacity is
increased and the high rate discharge capability is improved for the cobalt or nickel ballmilled alloy electrodes.
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Fig. 7.20. Typical impedance diagrams for electrodes of Mg 2 Ni, BM-Ar-Mg 2 Ni,
B M - C o - M g 2 N i , BM-Ni-Mg 2 Ni and B M - H - M g 2 N i at 1 0 0 % depth of
charge in the first cycle.

Table 7.10. Contact resistance (Rcr) and charge-transfer resistance (RctI) for the
Mg 2 Ni, BM-Ar-Mg 2 Ni, BM-Co-Mg 2 Ni, BM-Ni-Mg 2 Ni and B M - H M g 2 N i electrodes at thefirstcycle with 1 0 0 % depth of charge.

Alloy

RrriQ.)

2-ctr(Q)

Mg2Ni

0.17

1.06

BM-Ar-Mg 2 Ni

0.09

0.58

BM-Co-Mg2Ni

0.05

0.42

BM-Ni-Mg 2 Ni

0.06

0.44

BM-H-Mg2Ni

0.08

0.56
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For each electrode, both the charge-transfer and contact resistances increased with
increasing numbers of charge-discharge cycles (see Table 7.11). The increase of contact
resistance is attributed to the oxide layer which is formed on the alloy surface. While the
increase of the charge-transfer resistance is due to the reduced number of active sites
because of the oxidation of the alloy.

Table 7.11. Contact resistance (Rcr) and charge-transfer resistance (RctT) for the
Mg 2 Ni, B M - A r - M g 2 N i , B M - C o - M g 2 N i , BM-Ni-Mg 2 Ni and B M - H M g 2 N i electrodes in the 15th cycle with 1 0 0 % depth of charge.

Alloy

/-cr(a)

i-ctr (O.)

Mg2Ni

0.37*

3.16*

BM-Ar-Mg 2 Ni

0.23

2.38

BM-Co-Mg2Ni

0.18

2.02

BM-Ni-Mg 2 Ni

0.19

2.08

BM-H-Mg2Ni

0.24

2.23

* measured at thefifthcycle.

Because similar results are achieved through ball-milling Mg-based alloys with C o or Ni
powder, and also because Ni is much cheaper than Co, the alloys BM-Ni-Mgo.sTi0.2Ni,
BM-Ni-Mg0.sCe0.2Ni, BM-Ni-Mg2Nio.sMno.2 and BM-Ni-Mg2Ni0.8Co0.2 were chosen to
observe the electrode kinetics through EIS tests. Fig. 7.21 represents the Nyquist plots at
1 0 0 % depth of charge for each electrode after the 15th charge-discharge cycle. The
calculated contact and charge-transfer resistance are summarised in Table 7.12.
Compared with the data in Table 7.11, it can be clearly seen that both the contact and
charge-transfer resistances are decreased for the substituted Mg-based alloy (Ni-ball-
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milling) electrodes after 15 cycles in 1 0 0 % depth of charge. A m o n g these alloys the C o
substituted alloy shows the lowest contact and charge-transfer resistance.
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Fig. 7.21. Typical impedance diagrams for electrodes of BM-Ni-Mgo.8Ti0jNi, BMNi-Mgo.8Ceo.2Ni, BM-Ni-Mg2Ni0.8Mno.2, and BM-Ni-Mg2Ni0.8Coo.2 at
100% depth of charge in the 15th cycle.

Table 7.12. Contact resistance (Rcr) and charge-transfer resistance (/.ctr) f
BM-Ni-Mg0.8Tio.2Ni, BM-Ni-Mg08Ceo.2Ni, BM-Ni-Mg2Nio.8Mn0.2 and
BM-Ni-Mg2Nio.8Coo.2 electrodes at the 15th cycle with 100% depth of
charge.

Rcr(Q)

R^m

BM-Ni-Mg1.sTio.2Ni

0.15

2.14

BM-Ni-Mgi.sCe0.2Ni

0.14

2.02

BM-Ni-Mg2Nio.gMno.2

0.12

1.92

BM-Ni-Mg^Nio gCoo.

0.10

1.68

Alloy
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7.7 Conclusions
Based on the above results and discussion, it can be summarised that:
1. The partial substitutions of Mg from Mg2Ni by Ti or Ce and Ni by Mn or Co are

effective in improving the discharge capacity of the alloy electrodes. The cycle life is
also improved by the addition of Ti or Co.
2. Ball-milling the Mg-based alloy is an effective method of improving the hydrogen
absorption/desorption properties due to the changed amorphous structure and much
increased specific surface area. Among the four kinds of ball-milling conditions
studied, the addition of Co or Ni powder can result in much faster activation.
3. All the amorphous Mg-based alloys obtained through ball-milling can be charged and
discharged to their respective maximum capacities at the first cycle. The capacity
decay of Mg-based alloys is due to the oxidation of Mg in the alloy. The formation of
MgO is caused not only by the degradation of the alloy during charge-discharge
processes, but also by the reaction of Mg with the alkaline electrolyte. The partial
replacement of Mg by Ti or Ce can depress the formation of MgO to some extent for
the protection of impervious Ti02 or Ce02.
4. The non-stoichiometric composition of Mg2Nix was varied in the range of 0.9 < x ^
1.1. The crystallographic and electrochemical properties of Mg2Nix were found to be
strongly dependent on the value of x. In the case of x < 0.95, the capacity decay is
very fast due to the excessive Mg in the alloy; while in the case of x = 1.1, the
capacity decreased due to the formation of MgNi2 phase. It is suggested that the alloy
composition of Mg2Nix with the x value of 1.0 < x < 1.05 is adopted.
5. The characteristics such as discharge capacity and cycle life of Ni-coated amorphous
Mg-based alloy powder are superior to those of an uncoated powder because the Ni-
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coated layer provides the active sites for catalysing the reaction of hydrogen
absorption/desorption. In addition, it also prevents the oxidation of the bulk alloy and
then results in an improvement of cycle life. For example, discharge capacities of 756
and 780 mAh/g were achieved at a discharge current density of 50 mA/g for nickel
ball-milled Mg2Nio.8Mn0.2 (BM-Ni-Mg2Ni0.8Mn0.2) and nickel coated BM-NiMg2Nio.8Mno.2, respectively. The former showed a capacity retention of only 50%
after 20 charge-discharge cycles, while as a comparison the latter still kept 72% of its
the initial capacity.
6. The electrode kinetic analysis by cyclic voltammograms illustrates that the ballmilling, in particular with the addition of Co or Ni powder, greatly improves the
catalysis for hydrogen absorption/desorption of the alloy electrode. At the same time,
ball-milling Mg2Nio.8Mn0.2 or Mg2Nio.8Coo.2 shows a more negative dehydriding
potential and a higher oxidation current than that of ball-milled Mg2Ni, indicating that
the kinetic properties for dehydriding reaction are improved effectively.
7. The electrocatalytic activity of the ball-milled amorphous Mg-based alloys and the
nickel-coated alloys, which was characterised by the apparent exchange current
density, was found to be significantly higher than that of the un-ball-milled and
uncoated alloys.
8. The impedance analysis shows that the ball-milling technique can result in the
decrease of the contact resistance and the charge-transfer resistance, which were
increased during the charge-discharge processes because of the oxidation of the alloy
and the decreased active sites. Element substitution of Ni by Co is an effective way to
suppress this.
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Chapter 8.
Studies on the diffusion coefficient of hydrogen
through metal hydride electrodes

8.1 Introduction
During charging and discharging, the performances of metal hydride electrodes are

mainly controlled by the kinetics occurring at the alloy/electrolyte interface and the r
of hydrogen diffusion within the bulk of the alloys [107,139]. Since hydrogen diffusion
can be a rate-detennining step in high-rate charge-discharge processes, it must be a key
factor for improving the properties of the electrodes.

There are many reports for evaluating the diffusion coefficient of hydrogen in metals (P
and Ni) and alloys (LaNi5, TiFe, Mg2Ni) using nuclear magnetic resonance (NMR) [99]
and quasi-elastic neutron scattering (QNS) [138,245]. In addition, electrochemical
measurements have been also applied to determine the hydrogen diffusion coefficient in
LaNi5 system alloys [135].

An electrochemical technique using the transfer-limited portion of a potentiostatic
discharge was developed by Van Rijswick [107]. The hydrogen diffusion coefficient in a
LaNi5 electrode was estimated to be in the order of 10"10 cm2/s. Using the
chronopotentiometric method, Ciureanu et al. [137] measured the hydrogen diffusion
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coefficient in an &36Ni<s4 ribbon in the range of 2.2xl0"10 to 4.5xl0'10 cm2/s. Ziichner

al. [135] determined the diffusion of hydrogen in a LaNi5 single crystal and their resu
Q

indicated an anisotropic, orientation-dependent diffusion coefficient with a value of 10"

cm2/s. The diffusion in the [001] direction was preferred compared to that in the [100]
direction. The constant potential and constant current discharge techniques were used
Zheng et al. [13] to measure the hydrogen diffusion coefficients in a LaNi4.25Alo.75
electrode. The values obtained were 2.97xl0"n and 3.30xl0"u cm2/s, respectively.

Iwakura et al. [246] used the potential-step method to evaluate the diffusion coeffici
of hydrogen in MmNi4.2Alo.5Mo.3 (Mm = mischmetal; M = Cr, Mn, Fe, Co, Ni). The
values were in the range of 1.62 to 3.24xl0"8 cm2/s.

From the above results, it is known that all the reported values of diffusion coeffici
of hydrogen in LaNi5 system electrodes vary over three orders of magnitude at room
temperature. This may be due to the different compositions of the alloy and different
methods used for examination. It is also noted that there is little or no published

information describing the diffusion coefficient of hydrogen in Zr-based Laves phase a
Mg-based alloy electrodes. In the present work, a potentiostatic discharge technique
was used to estimate the hydrogen diffusion coefficient through the AB5, AB2 and A2B
metal hydride electrodes and the activation energies were also measured.

8.2 Theory

Previous work [247] shows that there are three models of hydriding kinetics, namely (1
model with no two-phase (a+p) region, (2) model with a definite width of a+[3 two-
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phase region, (3) model of entirely two-phase (a+p) region in its initial and later
In this paper, the third model is adopted. In order to analyze the transfer rate of
hydrogen in the alloy, it is assumed that the hydride alloy is in spherical form The
diffusion equation for this correlation is given by equation 8.1

where c is the hydrogen concentration in the alloy, t is time, D is an average (or i

diffusion coefficient of hydrogen over a defined concentration range, and r is the d
from the centre of the sphere [248]. The diffusion equation may be solved for two

different boundary conditions: (1) constant hydrogen surface concentration and unifo

initial hydrogen concentration in the bulk alloy, and (2) constant flux at the surfa

uniform initial concentration in the bulk of the alloy. Assuming uniform initial hyd

concentration in the bulk of the alloy, Co, and a constant surface concentration, Cs,
solution of the above equation is given as [249] equation 8.2

2 i ? f (-1)"
mar
-Dn27i2t
^ " ^ - ^ -n s i n - ^ R- e x prt
Cs-C0 ° = 1 + —7irtTi
R'-2 )
C-C0

^ o„
Eq. 8.2

where R is the sphere radius. The resulting diffusion current I(t) varies with time
according to equation 8.3

6FD ^ n2n2Dt „ „„
7(0 =
~5Rr(C° ~ C'^ exp( Rr~) q"
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For large t, Eq. 8.3 reduces to

In/ = ]Ii(2FA-^r)-(^-t) Eq. 8.4

where F, A, AC and 8 are respectively, the Faraday constant, surface area, hydrogen

concentration and the thickness of diffusion layer. From the slope of a plot of Ini v
the value of D can be calculated.

8.3 Particle size analysis
It is well-known that the hydrogen absorbing (charging) and desorbing (discharging)
cycles bring about the pulverization of the hydrogen storage alloys. In general, the
particle size of the alloys used in the metal hydride electrodes is initially in the

several tens of micrometers in diameter. After charge-discharge cycles, the alloy pow

is pulverized into a size range of several micrometers so it is very difficult to det

the hydrogen diffusion coefficient because of the changed particle size and shape. Th

the reason why the average particle size of the alloy powders (half value of the avera

diameter) is only assumed in the determination of hydrogen diffusion coefficient of m
hydrides.

In this work, all the alloys were ball-milled in argon atmosphere. Table 8.1 shows the

particle size analyses of the alloy powders, which will be used later to calculate the

diffusion coefficient of hydrogen through the alloys. Since the radius of the alloy is

obtained from particle analysis, the results should be more reliable. In addition, the
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milled powders with such a small particle size can keep their structural integrity when
they are subjected to charge-discharge cycles because the size of the crystallites is
already similar or lower compared with the typical size of grains after hydrogen
decrepitation.

Table 8.1. Particle size analyses of the ball-milled hydrogen storage alloys.

1

Alloy

LaB 5
Lao.7Ceo.3B5
Lao.7Pro.3B5
Lao.7Ndo.3B5
Zo.5Tio.5(Vo.3Nio.5Mno.2)2

Mg2Ni
Mgi.8Tio.2Ni
Mg1.3Ceo.2Ni
Mg 2 Nio.8Mno.2
Mg 2 Nio.8Co 0 . 2

I Average diameter ($tm}|l
0.82
0.84
0.80
0.85
0.88
0.78
0.82
0.77
0.76
0.79

Footnote: B5 = Ni3.55Sno.75Mno.4Alo.3

8.4 Potentiostatic discharge of the electrodes

After complete activation, the electrodes with different states of charge were equilib
until an equilibrium potential was reached. Initially, the activated electrode was
discharged potentiostaticalfy at different depths of charge. It was found that the
discharge current density becomes constant when the applied potential is between -0.8
and -0.5 V vs. Hg/HgO reference electrode in the alkaline electrolyte. This indicates
the hydrogen which diffuses from the electrodes is completely oxidized. On the other

hand, the alloy tends to be oxidized at such a low potential due to corrosion. Therefor
the electrode was discharged at the potential of -0.7 V vs. Hg/HgO.
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(B 5

=

Ni3.55Sno.75Mno.4Alo.3) alloy electrode at different depths of charge (DoC). The value of
Ini immediately decreases with decrease in DoC due to the electron-oxidation. At larger

times the value of Ini thereafter decreases linearly according to Eq. 8.4 because the ra
determining step changes from electron-oxidation to hydrogen diffusion in the alloy.

From the slope of the linear portion of the corresponding curves, the hydrogen diffusion
coefficients were calculated.

6 i

1

i

1

1

1

i

"

r

Time (h)

Fig. 8.1. Potentiostatic discharge curves of the L a B 5 (B 5 = Ni3^5Sno.7sMn0.4Alo3)
alloy electrodes.

The values of hydrogen diffusion coefficients in Lao.7Ro.3B5 (R = Ce, Pr, Nd; B 5 Ni3.55Sno.75Mno.4Alo.3), Zo.5Tio.5(Vo.3Nio.5Mno.2)2, Mg2Ni, Mg1.sM0.2Ni (M = Ti, Ce) and
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Mg2Nio.sN0.2 (N = Mn, Co) electrodes were obtained similarly. Fig. 8.2 shows the D
values for these electrodes as a function of D o C , from which, it can be seen that the D
value decreased with increase in D o C in all cases. This is because the hydrogen diffusion
is hindered due to the increase of interaction between the absorbed hydrogen atoms and
the constituent alloys with increasing hydrogen concentration. It is pointed out that it
would be appropriate to denote the D

values measured as "effective" diffusion

coefficients of hydrogen. The reason is that the reaction process is very complicated
when an electrode is charged and discharged because in addition to the diffusion process,
it includes the other processes such as mass-transfer and phase transformation.
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Fig. 8.2. T h e influence of the depth of charge ( D o C ) on the hydrogen diffusion
coefficients

in

LaB 5 ,

Lao.7Ro.3B5

(R

=

Ce,

Pr,

Nd;

B5

=

Ni3.55Sno.75Mno.4Aloj), Z0.5Ti0.s(Vo.3Nio.5Mno.2)2, M g 2 N i , Mgi. 8 M 0 . 2 Ni ( M =
Ti, C e ) and Mg2Ni0.8No.2 (N = M n , C o ) electrodes.
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From Fig. 8.2, it also can be seen that: (1) the rare-earth system alloys have a higher

value than that of the Zr-based Laves phase and Mg-based alloys; and (2) in each system
of the rare-earth and Mg-based alloys, the D values are in the order of Nd > Pr > Ce >
La and Co > Mn > Ti > Ce , respectively. As studied in the former chapters, the

crystallographic data indicated that the unit cell volume decreased with decreasing ra
of the substituted elements. A decrease in the unit cell volume of the alloys resulted

the decrease in the absolute value of enthalpy for hydride formation (-AH). Because the
metal hydride with a lower value of -AH is relatively unstable, the hydrogen diffusion

those alloys would be faster. It is also pointed that the order for D values in the LaB

system and the Mg-based alloys is the same as that of the electronegativity [250] which
is Nd (1.14) > Pr (1.13) > Ce (1.12) > La (1.10) and Co (1.88) > Mn (1.55) > Ti (1.54)
> Mg (1.31) > Ce (1.12), respectively. This result illustrates that not only the

crystallographic parameter but also the electron structure is responsible for the hydr

diffusion. Therefore, it is concluded that the D value is affected both by the enthalp
hydride formation and the electron configuration of the metals in the alloy.

8.5 Dependence of D value on temperature

Fig. 8.3. shows the influence of various temperatures on the D value in each electrode.
The InD value was linearly dependent on the reciprocal of absolute temperature. The
following relationship holds between the D value and the activation energy £a for
hydrogen diffusion in the alloys:
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Eq. 8.5

where D0 represents a frequency factor. The activation energies as obtained from the

Arrhenius plot (Fig. 8.3) are summarized in Table 8.2, which indicates that the E& va

decreases with an increase of the D value. Therefore, the potentiostatic discharge me
is very useful for evaluation of the diffusion behaviour in metal hydride electrodes.
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Fig. 8.3. Arrhenius plot of the hydrogen diffusion coefficients in L a B 5 , La 0 7 RojBs
(R = Ce, Pr, Nd; B5 = Ni3^Sno.75Mno.4Al03), Z0.5Tio^(Vo3Ni0^Mno.2)2,
MgzNi, Mg1.gM0.2Ni (M = Ti, Ce) and Mg2Nio^N0.2 (N = Mn, Co)
electrodes.
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Table 8.2. Hydrogen diffusion coefficient D and activation energy E_ for the
different alloy electrodes (with 0% depth of charge; 25°C).

Alloys

D-(Mr*cm2/s)

LaNi 5
Lao.7Ceo.3Ni5
Lao.7Pro.3Ni5
Lao.7Ndo.3Ni5
Zo.5Ti0.5(Vo.3Nio.5Mno.2)2
Mg2Ni
Mg1.gTio.2Ni
Mgi.8Ce0.2Ni
Mg 2 Ni 0 .8Mn 0 .2
Mg2Ni0.8Coo.2

6.5
6.5
6.9
7.1
3.5
0.78
0.90
0.76

1.0
1.2

E_ (kj/mol)
20.1
18.2
18.0
17.8
21.2
22.4
21.8
23.3
20.9
20.2

8.6 Effect of additive material
In an alkaline solution, when the electroreduction of water coupled with hydrogen

adsorption occurs, the hydrogen produced on the surface is then absorbed and diffuses
into the interior of the electrode. Hence each absorbed/desorbed hydrogen atom
corresponds to the storage of one electron. The higher is the hydrogen diffusion
coefficient, the higher is the charge-transfer efficiency of the alloy electrode. As is
known, metal hydride electrodes are normally made by adding binder materials such as
nickel powder. In order to determine the best ratio of Ni/alloy, electrodes made by
mixing different amounts of nickel powder with Zo.sTio.sCVo.sNio.sMi-o^^ alloy were
tested. Fig. 8.4 shows the effect of different ratios of Ni/alloy on the discharge

capacities at various discharge current densities. It was found that the higher the rat
Ni/alloy, the better the dischargeability of the electrode at high discharge current
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density. This is in accordance with the increasing electronic conductivity of the binder
material.

340
320 O) 300

< 280
2^ 260

O 240
CO
§" 220
o
O 200
cn
c3 180

I

— • — 0 wt.% Ni
—•— 10 wt.% Ni
—A— 20 Wt.% Ni
—T— 50 wt.% Ni

160

O 140 120 -

—r~
50

••

100

150

200

1 —

250

300

Discharge current density (mA/g)

Fig. 8.4. Discharge capacity as a function of discharge current density for the
Zo.5Tio.5(Vo.3Nio.5Mno.2)2 electrodes with different amounts of nickel
powder.

The dischargeability of the metal hydride electrodes at high discharge current density
depends on the kinetics of the hydriding/dehydriding reactions which in turn depend on
parameters such as the hydrogen diffusion coefficient. The potentiostatic discharge
method was used to determine the influence of different Ni/alloy ratios on the hydrogen
diffusion coefficients. The calculated results are illustrated in Fig. 8.5. The value of
dependent on the ratio of Ni/alloy. This is because Ni powder provides good contact
between the current collector and the alloy, and contact between alloy particles,
indicating that the additive material should be considered in the manufacture of alloy
electrodes.
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Fig. 8.5. Dependence of D o n the ratio of Ni/alloy in Zo.5Tio^(VojNio.5Mno.2)2 alloy
electrodes.

Generally speaking, hydrogen evolution occurs in a sealed N i / M H battery w h e n the
charging reaction is limited by the diffusion process of hydrogen into the alloy, thereby
reducing the charging efficiency. As the hydrogen gas is not consumed quickly, the
internal pressure of the sealed cell increases beyond the pressure limit (around 10 atm.)
of the safety vent [8]. The gas release causes a drying out of the starved electrolyte,

increasing the inner resistance of the battery and then limiting the cycle life of the se
cell. The charging efficiency is expected to become higher for: (1) higher hydrogen
diffusivity through the surface layer, (2) larger effective reaction area, (3) higher

catalytic activity for charge transfer, and (4) lower activity for recombination. Althoug
several factors affect the charging efficiency, the hydrogen diffusion is obviously an
important one. Therefore electrodes with higher hydrogen diffusions and containing the
proper ratio of the additive/alloy will be advantageous to the performance of metal
hydride electrodes.
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8.7 Conclusions
Electrochemical measurement using the potentiostatic discharge method were carried
out to determine the hydrogen diffusion coefficient in LaB5, Lao.7Ro.3B5 (R = Ce, Pr, Nd;
B5 = Ni3.55Sno.75Mno.4AIo.3), Zo.5Tio.5(Vo.3Nio.5Mno.2)2, Mg2Ni, Mg!.8M0.2Ni (M = Ti, Ce)
and Mg2Ni0.8N0.2 (N = Mn, Co) electrodes. A linear relationship was found to exist
between Ini and t for large discharge times. From the slope of the linear portion, the

hydrogen diffusion coefficient (D) was calculated to be in the range of 10'8 to IO"9 cm2/s.
The D value is the highest for rare-earth system alloys and the lowest for Mg-based
alloys. The temperature dependence of the D value can be described by the Arrhenius

expression D = D0 e('Ea/RT>. In all the alloys, an increase in the D value can result in a
decrease of the activation energy Ea. It is observed that a good correlation exists
between the dischargeability at high discharge current density and the Ni/alloy ratio of
the electrode. The higher the ratio of Ni/alloy, the better the high-rate discharge, and
larger the measured D value.
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R sphere radius, c m
c hydrogen concentration in a sphere alloy, mol/cm3
cs surface hydrogen concentration of a sphere, mol/cm3
Co initial hydrogen concentration in a sphere, mol/cm
D diffusion coefficient of hydrogen, cm"/s
F Faraday's constant, 96484 C
/ current density, m A / c m 2
t time, s
r distance, cm
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Chapter 9.
Characterization of Sealed Nickel-Metal Hydride
(Ni-MH) Battery

9.1 Introduction
The nickel-metal hydride (Ni-MH) batteries are becoming attractive because they have
high energy densities and contain no toxic component such as Pb or Cd [251-254]. The
applications of Ni-MH batteries in mobile telephones and electric vehicles show that
they are amongst the most promising power sources in the near future [255-257].
Because there exist different reactions that take place when Ni-MH batteries are in the
states of charge, overcharge, discharge, overdischarge and retention, many factors
should be considered regarding the improvement of the battery properties [258-260].
Among the factors affecting the battery performance, the electrochemical activities of

both the positive and the negative active materials, and the manufacturing processes fo
these electrodes are very important. Although there is an increasing interest in this
battery system, research work normally focuses on the individual positive or negative

electrode. It is obvious that little information has been given about how to compare the
relation between the positive and the negative electrodes.

As studied in chapter 4 and chapter 6, the positive electrode made using spherical nick
hydroxide powders coprecipitated with 5 wt.% zinc hydroxide and the negative
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electrode utilizing the Zr05Ti05(V03Ni05Mn02)2 alloy ball-milled with 10 wt.% nickel
powder show very good charge-discharge properties. Therefore, they were used as the
active materials of the positive and the negative electrodes, respectively. The effect of
various electrode dimensions on the battery characteristics has been investigated with

the aim of fabricating the batteries with high charging efficiency, low internal pressure
and long cycle life.

9.2 Capacity ratio of the negative electrode to the positive
electrode
9.2.1 Discharge voltage
One essential factor for a better Ni-MH battery, especially for a sealed battery is the
capacity ratio between the negative and the positive electrodes (rm). The discharge

voltages of the batteries having various ratios of rN/p are shown in Fig. 9.1 as a functio
of the discharge time. A flat plateau of the discharge voltage based on electrode
reactions, which include the oxidation of the absorbed hydrogen at the negative
electrode and the reduction of the nickel oxyhydroxide at the positive electrode, was
observed at 1.29 V with rm =1.3. Any deviation of rw value from 1.3 results in the
lowing of the plateau voltage for different reasons. At low rOT value, the low plateau
voltage is due to incomplete charging of the positive electrode, while at high rN/p value,
it is owing to incomplete charging of the negative electrode.
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Fig. 9.1. Discharge voltages vs. discharge time for N i - M H cells with various ratios
of r „ (charge: 200 mA for 7.5 h; discharge: 200 mA to 1.0 V).

9.2.2 Discharge capacity and internal pressure

Fig. 9.2 illustrates the discharge capacities and internal pressures of Ni-MH batterie
with different rm values. The discharge capacity increased with increasing r^ value,
passed through a maximum at rm = 1.3, and then decreased. On the other hand, the
internal pressure decreased obviously with increasing rN/p value and passed through a
minimum at rm = 1.3. The maximum discharge capacity achieved at rN/p = 1.3 results
from the complete charging of not only the positive electrode but also the negative
electrode.
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1220

'N/P

Fig. 9.2. Discharge capacity and internal pressure (the 10th cycle after discharge)
as a function of rN/p value for Ni-MH cells.

In order to know the reason w h y the internal pressure is increased, the gas composition
in the cell was analyzed after charging as shown in Fig. 9.3. The gases in each cell

consist of nitrogen, oxygen and hydrogen. The nitrogen was introduced from air due to
the construction in the open atmosphere, therefore, only oxygen and hydrogen should

be considered. The main gas in the cells with low rN/p values is hydrogen. On the othe

hand, the cells with high rN/p values contained larger amounts of oxygen. These result

reveal that the increase in internal pressure at low rm values is mostly due to hydro

evolution (Eq. 9.1) at the negative electrode in the early stages of charging withou

charging the positive electrode. For high /-N7P values, the increase in internal press
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owing to oxygen evolution (Eq. 9.2) because of the overcharging of the positive
electrode.

2H20 + e ->H2 + 2 0H'

Eq. 9.1

40H->2H20 + 02+e Eq. 9.2

"N/P

Fig. 9.3. Gas composition analysis after charging at 25°C for Ni-MH cells usin
various rN_ ratios.

9.2.3 Charging efficiency

The charging efficiency is defined as the ratio of the discharge capacity at v

currents to the charge capacity at 200 mA for discharge. Fig. 9.4 shows the ch

efficiency curves of cells with different rwp ratios at 25°C, from which, it ap

CHAPTER NINE
CHARACTERIZATION OF SEALED NICKEL-METAL HYDRIDE .NI-MH) BATTERY 197

there is no significant difference between each cell at low discharge current (200 mA)
because the charging efficiencies of all the cells are higher than 92%. However, this
feature is strikingly changed as the charge current increases. At 1000 mA, the charging
efficiency is 87% for the cell with rm = 1.3. However, in the case of rN/p = 1.0 and 1.5,
the charging efficiencies are only 68 and 70%, respectively. The high charging
efficiency at low current is because the hydrogen or oxygen is evolved very slowly. At
high current charge, the hydrogen and oxygen gases are evolved very fast at either
lower or higher rNVP values because the capacity of the two electrodes is not matching.

Therefore, the rN/p value of 1.3 is chosen in the following cell preparation because of it
better overall characteristics.
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Fig. 9.4. T h e influence of charge currents o n the charging efficiency of the cells
with different rN/p values.
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9.3 Physical dimensions of the electrodes
9.3.1 Electrode size

Table 9.1 shows the physical properties of the positive and negative electrodes in

MH cells constructed by different processes. It can be seen that the cells have si

weight but different physical dimensions. For example, electrodes in cell A were t

thickest because they had the smallest surface areas, while electrodes in cell D w
thinnest and had the largest surface areas.

Table 9.1. Physical dimensions of the positive and negative electrodes in differen
N i - M H cells (AA size).
Positive
Positive
Cell ; electrode electrode
thickness
area
1
(cm )
l;(mm)"'
0.45
28
A

Positive
electrode
weight
(g)
7.6

Negative
electrode
area
(cm 2 )
40

Negative
electrode
thickness
0.37

Negative
electrode
weight
(g)
10.8

(mm)

B

30

0.43

7.7

43

0.34

10.8

C

32

0.41

7.6

45

0.32

10.7

D

35

0.38

7.6

48

0.30

10.7

9.3.2 Basic properties

The cells were initially charged (200 mA for 7.5 h) and discharged (200 mA to 1.0
room temperature for several cycles to stabilize their capacities. Typically, the
capacities achieved a constant value after 5 cycles for all the cells, indicating

cell has a fast activation. The influence of different physical dimensions on the

characteristics of the cells is summarised in Table 9.2. Although the nominal capa
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which are generally obtained on low discharge currents such as 200 mA for AA size

cells, are designed to be the same for all the cells, the measured capacities at variou

discharge currents are quite different from their nominal capacities. It seems that for
electrodes with similar weights, the thinner the electrode, the higher the discharge
capacity of the cell.

Table 9.2. Basic properties of Ni-MH cells (AA size) using the electrodes with
different physical dimensions.

Cell

Nominal
[capacity

A

(mAh)
1300

B

.,: • * '* 7

Measured capacity (mAh) at
Weight

Selfdischarge

200 m A
1310

1000 m A
1020

3000 m A
750

25.1

14

1300

1320

1060

780

25.0

17

C

1300

1340

1120

870

25.1

22

D

1300

1380

1200

970

25.0

26

GO'

(%)

9.4 Cell performance
9.4.1 Charge and discharge
Fig. 9.5 shows the charge/discharge curves of the cells made using electrodes with

different physical dimensions. It can be seen that the profiles are similar for all th
namely the voltage increases with increasing charge time and it decreases with the
discharge time. However, the discharge curves for cell D exhibits a flat voltage
behavior while the other cells show a continuous decrease in the discharge. So the
thinner the electrodes, the better the charge-discharge properties.
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Fig. 9.5. Charge-discharge curves of N i - M H cells using the electrodes with
different physical dimensions.
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Fig. 9.6. Discharge capacities of the A, B , C and D cells at different discharge
currents.

Fig. 9.6 shows the discharge capacities at various discharge currents for the cells. There

is a drastic reduction in the capacity for all of the cells at discharge currents over
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mA. In addition, the discharge capacity of cell D at high current discharge s
other cells, indicating that cell with a thinner electrodes has an advantage

current discharge probably because of its higher surface area for electrode r

9.4.2 Energy densities

The cells were fast charged (1000 mA for 1.5 h) and subsequently discharged a

mA to generate the maximum capacity, which was measured until the cell voltag
reached 1.0 V. Based on the capacities obtained at 200 mA for discharge, the

densities of the cells were calculated and are summarized in Table 9.3. It is

cell D has a higher energy density because it has a higher capacity and a hig
discharge voltage.

Table 9.3. Comparison of energy densities for different cells.

Discharge

Plateau

Energy

Energy

capacity at 200 m A

voltage

density

density

(mAh)

(V)

(Wh/kg)

(Wh/L)

A

1280

1.26

64.3

195

B

1300

1.26

65.5

198

C

1320

1.27

66.8

203

D

1350

1.29

69.7

211

": 1

9.4.3 Temperature

influence

Fig. 9.7 shows the temperature dependence of the discharge capacity at 200 mA

discharge. The maximum discharge capacity was achieved at 25°C for each cell.
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capacity tends to decrease with decreasing temperatures because of the lowering of

discharge voltage, indicating that an increase in overpotential occurs. A decrease in

discharge capacity for all the cells is also observed at high temperatures because o

increase in hydrogen equilibrium pressure of the metal hydride electrode, which caus

a decrease in the charging efficiency of the cell. For battery application, especiall

the field of electric vehicles, one of the primary requirements is good high tempera
performance in terms of durability and charging efficiency. Therefore, further
improvement of cell properties at high temperature would be needed for this type of
hydride cell.
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Fig. 9.7. Temperature dependence of discharge capacities at discharge current of
200 mA for the A, B, C and D cells.
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9.4.4 Self-discharge

Self-discharge is the loss of capacity in a fully charged cell while kept at open cir

is caused by three factors, the slow decomposition of both the positive and the negati

electrodes due to their intrinsic instability, the reaction of any hydrogen in the ce

the nickel electrode and the reaction resulted from impurity ions in the separator. To

study the self-discharge, the A, B, C and D cells were charged at 200 mA for 7.5 h and
then stored at 25°C for a period of 28 days. Fig. 9.8 shows the results where the
capacity retention is defined as the measured capacity after the storage (28 days)
divided by the discharge capacity immediately after fully charging. The capacity
retention depended strongly on the physical dimensions of the electrodes. For cell D,
the capacity retention was much lower because the thin electrodes provide an easy

pasage for the self-discharge reactions. On the other hand, the capacity retention fo
A, which has the thickest electrodes, was much higher. These results support the

assumption that the reaction surface becomes larger in a cell with thinner electrodes.

Fig. 9.8.Capacity retention after 28-day storage at 25°C for the A, B, C, D cells.
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9.4.5 Cycle life
Fig. 9.9 shows the discharge capacities of the four kinds of cells on continuous
charge/discharge cycles. A cycle life (nCL), defined as cycle numbers at which the
discharge capacity decreased to 80% of the initial capacity, changed obviously with

different cells. The nCL is 180, 200, 170, 150 for the A, B, C, D cells, respectively. Th

result illustrates that the capacity decayed very fast for all of the cells. There is no
obvious correlation with electrode thickness.
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Fig. 9.9. Discharge capacity vs. cycle curves for the A, B, C, D cells (charge: 600
mA for 2 h; rest: 0.2 h; discharge: 600 mA to 1.0 V).

To analyze the capacity decay, the cells after cycling were dissected to observe the
electrode change. There are more electrode materials in the separator of cell A

compared to that in the others. This suggests that the electrode materials in cell A fa
off the electrodes during the charge/discharge processes owing to the over crowded
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active materials, especially after absorption of the electrolyte. Also, the separator and
both the positive and negative electrodes (including the active materials in the
separator) were weighed. Comparing the data after the first cycle, the electrolyte

distribution in the separator and the electrodes is illustrated in Fig. 9.10. It is f
the electrolyte is depleted from the separator and is absorbed mostly by the positive

electrode. It is thought that the redistribution of the electrolyte is the main reaso
capacity decay because of the destruction of the equilibrium in the cell system. The

absorption of the electrolyte by the positive electrode is due to the increase in its
area, which is caused by the phase transformation between the Ni2+ and Ni3+. Therefore,
further work should be conducted on the improvement of the positive electrode.
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electrodes of A, B, C, D cells.
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9.5 Conclusions
The influence of the electrode preparation conditions such as the capacity ratio between
the negative and the positive electrodes (rN/p) and the physical dimensions of these
electrodes on the electrochemical properties were examined by charge-discharge
methods. The optimum conditions for preparing Ni-MH cells with high performance
require an rN/p value of 1.3 and an appropriate electrode size. A lower or higher rN/p
value results in the decrease in discharge capacity and an increase in internal pressure

due to the low charging efficiency, especially at high current charge. The electrode with
a larger area and a smaller thickness shows higher capacity and better high-rate
dischargeability, but these factors have an unfavorable influence on the cycle life and

the self-discharge. On the other hand, the electrode with the identical weight but with a

smaller area and a larger thickness reveals longer cycle life and lower self-discharge in
return for some sacrifice of discharge capacity. It is suggested that the shape of the
electrodes including the surface area and the thickness should be considered in the
development of Ni-MH cells with high performance.
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Chapter 10. Summary
Experiments have been conducted on nickel hydroxide electrodes, metal hydride

electrodes and nickel-metal hydride (Ni-MH) batteries with the aim of improving their
properties. The main conclusions from these studies can be summarised as follows:

10.1 Ni(OH)2 and Nickel Hydroxide Electrodes
Nickel hydroxide powders coprecipitated with Ca2+, Co2+, and Zn2+ were prepared by a
spraying technique. The optimum conditions for preparing spherical powders with high
tapping density (2.15 to 2.23 g/cm3), small pore volume (about 0.04 ml/g), and
excellent activity require the use of NiS04 as the nickel salt, a reaction pH of 11.0,
a drying temperature range of 100 to 120°C.

The spherical nickel hydroxide powders, having a higher content of microstrains
compared with that of the conventional powder, show better charge-discharge
characteristics such as lower overpotential, higher plateau discharge potential, and
higher capacity.

At room temperature (25°C), the utilisation of Ni(OH)2 with additives of Ca2+, Co2+ and
Zn2+ is in the order of: Co(OH)2 > Zn(OH)2 > Ca(OH)2. At high temperature such as at
60°C, the nickel hydroxide electrode containing Ca2+ shows the highest utilisation
because of the largest difference between the potential of oxygen evolution and the

oxidation potential. These results illustrate that for general use, it is better to ad
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, while for applications involving a wide temperature range such as

electric vehicles, it would be better to consider the addition of Ca2+ in the active
material.

The electrode swelling and cycle life are related to the formation of y-NiOOH: the more
y-NiOOH phase formed in the charging process, the larger is the increase of the
electrode swelling, and then the faster is the capacity decay of the electrode. The yNiOOH is mainly formed at the end of the charging process and it is also completely
changed to p-Ni(OH)2 at the end of discharge. The addition of Zn2+ in the active
material effectively suppresses the formation of y-NiOOH. This should enable the
manufacture of electrodes with longer cycle life.

10.2 Alloys and Metal Hydride Electrodes
The partial substitution of Ce, Pr or Nd for La in LaB5 (B5 = Ni3gCo05Mn04Al03): (i )

has no effect on the hexagonal CaCu5 structure, but changes the lattice parameters with

decreasing unit cell volume; (ii) improves the electrode activation and dischargeabili
at high discharge current density; (iii) decreases the capacity decay owing to the

formation of a protective oxide film on the alloy surface; and (iv) increases the selfdischarge of the electrode due to the higher plateau pressure of the metal hydride. It

noted that Ce is the most effective in improving the properties of the alloy and ideall
therefore the content of each rare-earth in the mischmetal should be controlled
accurately in the production of the metal hydride electrodes.
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Ball-milling the as-cast Zro,5Tio.5(Vo.25Mno.i5Nio.6)2 alloy with nickel powder can result
in the dispersion of nickel into the alloy and form a superstoichiometric C14 Laves
phase with an increased amount of microstrans, a large interfacial area and an oxygen
depleted and a nickel-rich layer. Electrode performance parameters such as electrode
activation, discharge plateau potential and high-rate dischargeability have been
improved greatly owing to the increase in the electrocatalytic activity for the
hydrogenation reaction of the alloy in alkaline electrolyte. At the same time, a faster

decrease in cycle life is also observed for the alloys after ball-milling due to the easi
oxidation of the increased specific surface area.

Ball-milling the Mg-based alloy, especially by the addition of Co or Ni powder, is an
effective method of improving the hydrogen absorption/desorption characteristics
because of the changed amorphous structure and much increased specific surface area.

All the amorphous Mg-based alloys prepared by ball-milling can be charged and
discharged to their respective maximum capacities during the first cycle. The oxidation
of Mg in the alloy is the main reason responsible for the capacity decay of the alloy
electrodes. The formation of MgO is caused not only by the degradation of the alloy
during charge-discharge processes, but also by the reaction of Mg with the alkaline
electrolyte. The partial replacement of Mg by Ti or Ce can depress the formation of
MgO to some extent because of the protection provided by the impervious Ti02 or
Ce02.
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The non-stoichiometric composition of M g 2 N i x was varied in the range of 0.9 < x < J . 1.
The crystallographic and electrochemical properties of Mg2Nix were found to be
strongly dependent on the value of x. In the case of x <0.95, the capacity decay was

very fast due to the excessive Mg in the alloy; while in the case of x = 1.1, the capac
decreased due to the formation of MgNi2 phase. It is suggested that the alloy
composition of Mg2Nix with the x value of 1.0 <3t <J .05 is adopted.

The characteristics such as discharge capacity and cycle life of Ni-coated amorphous
Mg-based alloy powder are superior to those of uncoated powder because the Ni-coated
layer provides the active sites for catalysing the reaction of hydrogen

absorption/desorption. In addition, it also prevents the oxidation of the bulk alloy a
consequently results in an improvement of cycle life. For example, the discharge
capacities of 756 and 780 mAh/g were achieved at a discharge current density of 50
mA/g for nickel ball-milled Mg2Ni0.8Mn0.2 and nickel coated Mg2Ni08Mno2,
respectively. The former showed a capacity retention of 50% after 20 charge-discharge
cycles. As a comparison the latter still kept 72% of its initial capacity.

The impedance analysis shows that the ball-milling technique can result in a decrease
of the contact and the charge-transfer resistances, which were increased during the
charge-discharge processes because of the oxidation of the alloy and the decreased
active sites. Element substitution of Ni by Co is an effective way to suppress this.
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10.3 Hydrogen Diffusion Coefficient
Electrochemical measurement using the potentiostatic discharge method were carried
out to determine the hydrogen diffusion coefficient in LaB5, La^R-^Nij (R = Ce, Pr,
Nd; B5 = Ni3.55Sn0.75Mn0.4Al03), Zo.5Ti0.s(V0.3Ni0.5Mn0.2)2> Mg2Ni, Mg18M0.2Ni (M = Ti,
Ce) and Mg2Ni0gN02 (N = Mn, Co) electrodes. A linear relationship was found to exist
between Ini and t for large discharge times. From the slope of the linear portion, the

hydrogen diffusion coefficient (D) was calculated to be in the range of IO"8 to 10"9cm2/
The D value is the highest for rare-earth system alloys and the lowest for Mg-based
alloys. The temperature dependence of the D value can be described by the Arrhenius
expression D = DQ e(~EajfRT) . In all the alloys, the increase in the D value can result

the decrease of the activation energy Ea. It is observed that a good correlation exists

between the dischargeability at high discharge current density and the Ni/alloy ratio o

the electrode. The higher the ratio of Ni/alloy, the better the high-rate discharge, an
larger the measured D value.

10.4 Ni-MH batteries

The influence of the electrode preparation conditions such as the capacity ratio betwee
the negative and the positive electrodes (rN/P) and the physical dimensions of these
electrodes on the electrochemical properties were examined using charge-discharge
methods. The optimum conditions for preparing Ni-MH cells with high performance
require an rN/P value of 1.3 and an appropriate electrode size. A lower or higher rm

value results in the decrease in discharge capacity and the increase in internal pressu
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due to the low charging efficiency, especially at high current charge. The electrode w
a larger area and a smaller thickness shows higher capacity and better high-rate

dischargeability, but it has an unfavourable influence on the cycle life and the self-

discharge. On the other hand, the electrode with the identical weight but with a small

area and a larger thickness reveals longer cycle life and lower self-discharge in retu

for some sacrifice of discharge capacity. Considering these factors, this work has sho
that it is possible to construct Ni-MH batteries with a high capacity of 1350 mAh (AA
size) and high energy densities of 69.7 Wh/kg and 211 Wh/L by combining 5 wt.%
Zn(OH)2 doped spherical Ni(OH)2 powders with 10 wt.% nickel ball-milled
Zr0.5Ti0.5(V025Mn015Ni06)2 alloy.

It is emphasised that the characterisation of Ni-MH batteries is not only determined b

both the positive and the negative electrodes but also by the manufacturing process. T

obtain Ni-MH batteries with high performance and low cost, in addition to the design o

the battery construction, it is essential to develop nickel hydroxide powders with hig
activity and new hydrogen storage alloys having high performance (such as high
capacity and long cycle life) and ideally consisting of cheap elements.
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DEFINITIONS
Absorption:

The taking up or retention of one material by another by
chemical or molecular action.

Activation:

The process making a reserve cell (battery) functional
either by-introducing an electrolyte, by immersing the
cell into an electrolyte, or by other means.

Active Material:

The material in the electrodes of a cell (battery) tha
takes part in the electrochemical reactions of charge or
discharge.

Alloy:

An intermetallic compound that consists of two or more
different metals mixed together.

Anode:

The electrode in an electrochemical cell (battery) whe
oxidation takes place. During discharge, the negative
electrode of the cell is the anode. During charge, the
positive electrode of the cell is the anode.

Battery:

Two or more electrochemical cells electrically
interconnected in an appropriate series/parallel
arrangement to provide the required operating voltage
and current levels. Under normal usage, the term
"battery" is often also applied to a single cell.

C Rate:

The discharge or charge current, in milliamperes,
expressed as a multiple of the rated capacity in
milliampere-hours.

Capacity:

The total number of milliampere-hours that can be
withdrawn from a fully charged battery under specified
conditions of discharge.

Capacity Retention:

The fraction of the full capacity available from a ba
under specified conditions of discharge after it has been
stored for a period of time.

Cathode:

The electrode in an electrochemical cell where
reduction takes place. During discharge, the positive
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electrode of the cell is the cathode. During charge, the
negative electrode of the cell is the cathode.
Cell:

The basic electrochemical unit used to generate or st
electrical energy.

Charge:

The conversion of electrical energy, provided in the
form of a current from an external source, into chemical
energy within a battery.

Charge Control:

Techniques for effectively terminating the charging o
rechargeable battery.

Charge Rate:

The current applied to a secondary battery to restore
capacity. This rate is commonly expressed as a multiple
of the rated capacity of the battery. For example, the
C/5 charge rate of of a 1000 m A h battery is 200 m A .

Constant Current Charge:

A method of charging the battery using a current havin
little variation. It is also called galvanostatic charge.

Constant Voltage Charge:

A method of charging the battery by applying a fixed
voltage, and allowing variations in the current. It is also
called constant potential charge or potentiostatic charge.

Current Collector:

An inert member of high electrical conductivity (such
as Ni-mesh, perforated sheet) used to conduct current
from or to an electrode during discharge or charge.

Current Density:

The current per unit active area of the surface of an
electrode.

Cut-Off Voltage:

The battery voltage at which the discharge is
terminated. It is also called end voltage.

Cycle:

The discharge and subsequent or proceeding charge of a
rechargeable battery such that it is restored to its
original conditions.

Cycle Life:

The number of cycles under specified conditions which
are available from a rechargeable battery before it fails
to meet specified criteria as to performance.

Deep Discharge:

Withdrawal of at least 80% of the rated capacity of a
battery.
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Density:

The ratio of a mass of material to its o w n volume at a
specified temperature.

Depth of Charge (DoC):

The available capacity in a battery expressed as a
percentage of rated capacity.

Depth of Discharge (DoD):

The ratio of the quantity of electricity removed from a
battery on discharge to its rated capacity.

Desorption:

The opposite of absorption, whereby the material (such
as hydrogen) retained by a m e d i u m (such as hydrogen
storage alloy) is released.

Diffusion:

The movement of species under the influence of a
concentration gradient.

Discharge:

The conversion of the chemical energy of a battery into
electrical energy and withdrawal of the electrical energy
into a load.

Discharge Rate:

The rate, usually expressed in milliamperes, at which
electrical current is taken from the battery.

Efficiency:

The rate of the output of a rechargeable battery on
discharge to the input required to restore it to the initial
state of charge under specified conditions.

Electrochemical Equivalent:

Weight of a substance that is deposited at an electrode
when the quantity of electricity which is passed is one
coulomb (see Faraday).

Electrode:

The site, area, or location at which electrochemical
processes take place.

Electrode Potential:

The voltage developed by a single plate either positive
or negative. The algebraic difference in voltage of any
two electrodes equals the battery voltage.

Electrolyte:

The medium which provides the ion transport
mechanism between the positive and negative electrodes
of a battery.

Electron:

A very small particle of an atom having a negative
charge.

Element:

The negative and positive electrodes together with the
separators of a single.
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Energy Density:

The ratio of the energy available from a battery to its
volume (Wh/L). It is also used on a weight basis
(Wh/kg).

Equalization:
The process of restoring all cells in a battery to an equal
state of charge.

Equilibrium Electrode Potential: The difference in potential between an electrode a
electrolyte when they are in equilibrium for the
electrode reaction which determines the electrode
potential.
Equivalent Circuit:

A n electrical circuit that models the fundamental
properties of a device or a circuit.

Exchange Current:

Under equilibrium conditions, the forward and
backward currents of an electrochemical process are
equal. This equilibrium current is defined as the
exchange current.

Faraday:

One gram equivalent weight of matter is chemically
altered at each electrode of a cell for each 96,500
international coulombs, or one Faraday, of electricity
passed through the electrolyte.

Gas Recombination:

Method of suppressing hydrogen generation by
recombining oxygen gas on the negative electrode as
the cell approaches full charge.

Half-Cell:

An electrode (either the anode or cathode) immersed
a suitable electrolyte.

IR:

A voltage associated with the electrical resistance
battery and the current. The value is the product of the
resistance in o h m s and the current in amperes.

M e m o r y Effect:

A phenomenon in which a battery, operated in
successive cycles to the same, but less than a full, depth
of discharge experiences a depression of its discharge
voltage and temporarily loses the rest of its capacity at
normal voltage levels.

Negative Electrode:

The electrode acting as an anode when a battery is
discharging.

Nominal Voltage:

The characteristic operating voltage or rated voltag
a battery.
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Overcharge:

The forcing of current through a battery after all the
active material has been converted to the charged state.
In other words, charging continued after 1 0 0 % state of
charge is achieved.

Overdischarge:

Discharge past the point where the full capacity of the
battery has been obtained.

Oxygen Recombination:

The process by which oxygen generated at the positi
electrode during charge is reacted at the negative
electrode.

Passivation:

The phenomenon by which a metal, although in
conditions of thermodynamic instability, remains
indefinitely unattacked because of altered surface
conditions.

Paste:

Mixtures of various compounds that are applied to
positive and negative substrates.

Positive Electrode:

The electrode acting as a cathode when a battery is
discharging.

Positive-Limited:

The operating performance of the battery is limited
the positive electrode.

Power Density:

The ratio of the power available from a battery to
weight (W/kg) or volume (W/L).

Rechargeable Battery:

A galvanic battery which, after discharge, may be
restored to the fully charged state by the passage of an
electric current through the cell in the opposite direction
to that of discharge.

Recombination:

A term used in a sealed battery construction for th
process whereby internal pressure is relieved by
reaction of oxygen with the negative active material.

Redox cell:

A rechargeable battery in which two reactant fluids
separated by a membrane, form the active materials.

Reference Electrode:

A specially chosen electrode which has a reproducib
potential against which other electrode potentials may
be referred.

Self-Discharge:

The loss of useful capacity of a battery due to int
chemical reaction(s).
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A n ion permeable, electronically nonconductive, spacer
or material which prevents electronic contact between
electrodes of opposite polarity in the same battery.

Sintered Electrode: An electrode construction in which active materials are
deposited in the interstices of a porous metal matrix
made by sintering metal powder.
Storage: The act of storing energy or material such as hydrogen.
Structure: An arrangement in which parts are formed into a whole.
Vent: A sealed mechanism which allows for the controlled
escape of gases from within a cell.
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